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REMARKS 

Claim Rejections 

Claims 1, 2, 6, 8 and 9 are rejected under 35 U.S.C. 103(a) as being 
unpatentable over Tao (2002/0015877) in view of any one of Eylem et al. 
(7160647) or Coetzer et al. (4366215). 

Arguments 

Applicant respectfully traverses the Examiner's rejections based on the 
following arguments. 

On p. 2 of the outstanding Office Action the Examiners states: 
However, applicant admits that Tao teaches a material for solid state cathode 
wherein said materials have general form of LaxMn v AaB b CcOd wherein A is an 
alkaline earth metal, B is selected from the group consisting of scandium, yttrium 
and a lanthanide metal, C is selected from the group consisting of iron, cobalt, 
nickel, copper, and zinc, x is from 0 to about 1.5, y is from 0 to about 1, a is from 
lO to about 0.5, b is from 0 to about 0.5, c is from 0 to about 0.5, and d is between 
about 1 and about 5. This appears to teach a cathode material including copper 
and manganese. 

Applicant argues that it is clear that LnCuQ3 definitely has different 

chemical and structural meaning from C c Od in La x Mn v A a B b CcOd where is 0-0.5 

In the Raveau reference [1], it clearly stated that the family of the 
manganites are expressed with the generic formulation of Ln-i-xAxMnOs where 
Ln 3+ is a lanthanide cation and A 2+ is an alkaline earth metal ion. These oxides 
are known to exhibit an interesting electrical property due to the spectacular 
variation of their resistance, when exposed to a magnetic field. In Tao's claims, 
the formula used, such as LaMn0 3 , Lao.84Sr 0 .i6Mn0 3t La 0 .84Ca o .i6MnO 3 , and 
La 0 .84 Ba 0 .i6MnO 3l are exactly the same as Ln^xAxMnOs where Ln and A are 
specified. Therefore, based on this common scientific expression, what Tao 
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teaches is limited to a manganite which cannot be broadly assumed as a 
cathode material including copper and manganese. In contrast, Applicant 
specifically recites in claims 1, 8, and 9 that the "cathode... has copper partly 
converted to a trivalence copper ion...." (Emphasis added). 

Based on Moskvin[2] and the foregoing, it is clear that Applicant recites 
cuprates in claims 1, 8, and 9. Specifically, according to the published work of 
Moskvin[2], the oxides based on copper ions such as YBa 2 Cu 3 0 6+ x, La 2 . 
x Sr x Cu0 4 , La 2 Cu0 4 -$, etc. should be named as cuprates. Other oxides based on 
Ni ions, Bi ions are named nickellates (La 2 Ni0 4 ^) and bismuthates ((K, Ba)Bi0 3 ) 
accordingly. 

More importantly, when these major cations occupy certain lattice sites 
more than 50%, they will exhibit different physical properties. On the other hand, 
manganite, cuprate, nickellate, and bismuthates will behave differently. For 
instance, for manganite and cuprate systems, they exhibit distinct colossal 
magnetoresistance (CMR) phenomena (for manganite) versus high-temperature 
superconducting behavior (for cuprate), respectively. Such interesting variations 
have been recognized and discussed in many publications. See, e.g., the 
enclosed references [3]-[6]. Based on claim 27 (shown below) in Tao, it is clear 
that the reference teaches manganite (with Mn>0.5 or 50% on the designated 
lattice site) which is clearly different from the cuprates recited in the present 
invention. This assertion is fully supported by Park [3]. In this paper, it is clearly 
pointed out that Cu-doped manganite (Lao.825Sr 0 .i75Mni-yCuy0 3 ) and Mn-doped 
cuprate (Lai.85-2xSr 0 .i5+2xCu 1 _ x Mn x O 4 ) showed different electrical properties. 
Therefore, when LaxMnyAaBbC c Od contains some Cu in C, Cu-doped manganite 
definitely is the correct term to use. Consequently, Cu-doped manganite cannot 
be said to teach or suggest the cuprates recited in Applicant's described in 
Applicant's claims 1, 8, and 9. In other words, based on the foregoing, it is 
clear that the skilled artisan would recognize that Tao teaches maganites 
and that all of Applicant's claims (regardless of the metal B selected from 
the recited group) are directed to cuprates. 



27. The fuel cell as in claim 26, wherein said solid state 
cathode is selected from the group consisting of LaMn0 3 , 
La^Sro.isMnC^, La^Cao I6 Mn0 3 , La 084 Ba 0 16 Mn0 3 , 



La 0 65 Sr 0 35 M 0 0S Co 0 02 O 3 , Lao.7s>Sr 0 16 Mn 0 s5 Co 0 15 0 3? 

Lao.s4 S %i<5 Mn o.8 Ni o.2°3> La 0 .84 Sr o.i6 Mn o.8 Fe o.2 0 3> 
La 08 4Sr 0 . 16 Mn o>8 Ce o . 2 O 3 , La O84 Sr 0a6 Mn o . 8 Mg o . 2 O 3 , 

La 0.84 Sr 0.16 MD O.8 Cr 0.2°3^ I^.<5 Sr 0.35 Mn O.sM>.2 O 3> 

La as4 Sc ai6 Mn0 3 , and La 0 84 Y 0 16 Mn0 3 . 



Coetzer et al. is cited as teaching a solid oxide cathode and an alkaline 
earth anode. Applicant does not acquiesce to this characterization and further 
notes that the reference fails to provide the above-noted deficiencies of Tao et al. 
Supererogatorily, Applicant notes that the Coetzer reference (excerpt below) 
teaches a AB 2 0 4 spinel structure and that A or B may be choosen from Ti, V, Cr, 
Mn, Fe, Co, Ni, Cu, Zn, Mg, and Al. It is thus apparent that no Ln (lanthanide 
cation) is involved in the invention of Coetzer et al. 

In addition, in Takanishi and Matsuda's invention (excerpt shown below), 
Lii-x- a Ai- x Ni 1 .y.bBy0 2l where A=Mg, Ca, Sr, Ba and B=transition metal, is basically 
using LiNi0 2 as the main host. LiNi0 2 ihas a layer-type structure with a+ Li- 
intercalating property. Both of these spinel or layer-type structures are 
completely irrelevant to the cuprates recited in Applicant's claims. 



Cahil Eylem, Bellingham, MA (US); 
Nikolay Iltchev, Norfolk, MA (US); 
Stuart M. Davis, Norfolk^ MA (US); 
Ou Mao, Walpole, MA (US) 

The Gillette Company, Boston, MA 
(US) 

Keijiro Takanishi; Yosbio Matsuda; 
Jun Tsukamoto. all of Shiga. Japan 

Toray Industries, Inc. Tokyo. Japan 



Batteries are disclosed. In some embodiments, a battery has 
a cathode that includes Cu^M^OpC,, where M is a metal, X 
includes one or more halides and/or nitrate, x+y is from 
about 6.8 to about 7.2, and z and t are selected so that the 
copper in Cu A M r CXX, has a formal oxidation state of +2 or 
greater. 
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A cathode material for a lithium ion secondary battery 
comprises a compound of the formula 



wherein: 

A is an alkaline earth metal component selected from the 
group consisting of (1) at least two of magnesium, calcium, 
strontium and barium, (2) strontium alone and (3) barium 
alone; 



B is at least one transition metal element other man Ni; 



i-^j — 

[751 Inventors: Johan Coetzer; Michael M. 
1 J Thackeray, both of Pretoria, South 

Africa 

[731 Assignee: South African Inventions 
1 J B Development Corp., Pretoria, South 



Africa 



A method of making a cathode for a secondary electro- 
chemical cell is disclosed. The method involves activat- 
ing or preconditioning an oxide which has a smnel-type 
or oxo-spinel type structure of the formula AB2O4 with 
at least one of A or B being a transition metal j^d A 
and B being di-, tri-, or tetravalent xations selected from 
Ti V Cr Mn, Fe» Co, Ni, Cu, Zn, Mg and Al. The 
meth^ provSes a cathode, which is in the form of a 
stable three-dimensional framework ^ructure. In a ^, 
ondary electrochemical cell the structure of the cathode 
£ enable of reversible charge/discharge react ons 
while being stable with regard to other physical or 
chemical changes in structure. 



Eylem et al. is cited as teaching a solid oxide cathode and an alkaline 
earth anode. Applicant does not acquiesce to this characterization and further 
notes that the reference fails to provide the above-noted deficiencies of Tao et al. 
Supererogatorily, Applicant notes that Eylem et al. teach that the cathode 
material is expressed as Cu x M y Ox z X t . This material is simply a copper oxide 
doped with higher valent metal ion, M, and a halide ion. The property of this 
material Cu x M y Ox 2 Xt will be similar to CuO. That is why the oxidation state of 
copper is +2 or higher, as mentioned by inventor. Thus, the material is completely 
different from Applicant's recited claims from the view of crystal structure or from 
the view of physical property. 

It follows that even if the teachings of Tao et al. were combined with Elyem 
or Coetzer et al., as suggested by the Examiner, the resultant combination does 
not teach or suggest: the cathode recited in Applicant's claims 1, 8, and 9. 

In considering the above, the Examiner is respectfully reminded that, 
it is a basic principle of U.S. patent law that it is improper to arbitrarily pick and 
choose prior art patents and combine selected portions of the selected patents on 
the basis of Applicant's disclosure to create a hypothetical combination which 
allegedly renders a claim obvious. Instead, the Supreme Court, in KSR 

International Co. v. Te/ef/ex, 550 U.S. , 127 S. Ct. 1727 (2007), the Court 

stated on p. 14 of the published opinion that: 

Often, it will be necessary for a court to look to interrelated teachings of 
multiple patents; the effects of demands known to the design community 
or present in the marketplace; and the background knowledge possessed 
by a person having ordinary skill in the art, all in order to determine 
whether there was an apparent reason to combine the known elements in 
the fashion claimed by the patent at issue. To facilitate review, this 
analysis should be made explicit. See In re Kahn, 441 F. 3d 977, 988 (CA 
Fed. 2006) ("[Rejections on obviousness grounds cannot be sustained by 
mere conclusory statements; instead, there must be some articulated 
reasoning with some rational underpinning to support the legal conclusion 
of obviousness"). 
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Applicant submits that the above-presented arguments clearly indicate that 
the Examiner has failed to provide an "articulated reasoning with some rational 
underpinning to support the legal conclusion of obviousness" for combining 
selected elements of Tao et al. with selected elements of Elyem, and Coetzer et 

al. KSR, 550 U.S. , 127 S. Ct. 1727 (2007)(p. 14 of published opinion). It is 

believed to be abundantly clear that the Examiner has taken selected portions of 
the 3 references, in a classic case of hind-sight reconstruction having the benefit 
of Applicant's disclosure. Clearly, such a combination is not an acceptable 
combination under 35 U.S.C. §103. The rejections of Applicants claims as being 
rendered by the aforementioned combinations of references under 35 U.S.C. 
§103 is respectfully traversed. 

Enclosed References in support of the above arguments 

1. B. Raveau, "Transition metal oxides: Promising functional materials," Journal 
of the European Ceramic Society 25 (2005) 1965-1969. 

2. A.S. Moskvin, "Pseudo-Jahn-Teller-centers and phase separation in the 
strongly correlated oxides with the nonisovalent substitution. Cuprates and 
manganites," Physica B 252 (1998) 186-197. 

3. C.J. Zhang *, B.H. Kim, Y.W. Park, "Possible mutual percolation conductivity in 
perovskite oxides," Current Applied Physics 6 (2006) 964-968. 

4. T. Venkatesan , R.P. Sharma, Y.G. Zhao, Z.Y. Chen, C.H. Lee, W.L Cao, J.J. 
Li, H.D. Drew, S.B. Ogale, R. Ramesh, M. Rajeswari, T. Wu, I. Jin S. Choopun, 
M. Johnson, W.K. Chu, G. Baskaran, "Superconducting cuprates and 
magnetoresistive manganites: similarities and contrasts," Materials Science and 
Engineering B63 (1999) 36^43. 

5. Guo-meng Zhao, M. B. Hunt, K. Conder, H. Keller and K. A. Miiller, "Oxygen 
isotope effects in the manganites and cuprates: polaronic charge carriers," 
Physica C 282-287 (1997) 202-205. 



6. T. EgamM and Despina Louca, "Electron-Lattice Coupling in Manganites and 
Cuprates," Journal of Superconductivity, Vol. 12, No. 1, 1999 23-26. 

7. T. Venkatesan, R.P. Sharma, "Evolution of oxide electronics: examples from 
HTS and CMR," Materials Science and Engineering B41 (1996) 30-34. 

Summary 

In view of the foregoing remarks, Applicant submits that this application is 
now in condition for allowance and such action is respectfully requested. Should 
any points remain in issue, which the Examiner feels could best be resolved by 
either a personal or a telephone interview, it is urged that Applicant's local 
attorney be contacted at the exchange listed below. 

Respectfully submitted, 

Date: October 16, 2008 By: 

Demian K. Jackson 
Reg. No. 57,551 

TROXELL LAW OFFICE PLLC 

5205 Leesburg Pike, Suite 1404 CUSTOMER NUMBER: 40144 

Falls Church, Virginia 22041 
Telephone: 703 575-271 1 
Telefax: 703 575-2707 
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Electron-Lattice Coupling in Manganites and Cuprates 



T. Egami 1 and Despina Louca 2 



The lattice effects of charge localization in manganites and cuprates are discussed from the 
local structural point of view. Pulsed neutron atomic pair-density function (PDF) analysis 
indicates that in Lai -^Sr^Mn0 3 the real structure deviates from the average crystal structure, 
and the local Jahn-Teller (JT) distortion of Mn 3+ 0 6 octahedra remains even in the metallic 
phase. This leads to a concept of the critical ionic size factor for the formation of JT polarons. 
The colossal magnetoresi stance (CMR) phenomena are observed in the crossover region from 
localized to delocalized charge states. This concept also explains the asymmetry of the phase 
diagram which is difficult to understand in the current band picture. Similar consideration 
may help understand the lattice effects in superconducting cuprates. 



1. INTRODUCTION 

In the perovskite-type manganites R x - x ^^Mn0 3 
(R = La, Pr, or Nd, A = Sr, Ba, Ca or Pb) the CMR 
behavior is observed as the system undergoes tran- 
sition from an antiferromagnetic or ferromagnetic 
insulator (AFI or FI) to a ferromagnetic metal (FM) 
as hole doping (x) is increased [1], or as the average 
atomic radius of the A-site ions (rare earth and alkali 
ions), (r A ), is changed [2], The two phase diagrams, 
where transition temperatures are plotted against x 
or (r A ), look alike. Currently the standard expla- 
nation of the latter is that as the atomic size (r A ) is 
reduced the electron band width is decreased because 
of the increased bending of the Mn-O-Mn bond, 
leading to formation of polarons and localization of 
holes that is equivalent to reducing x. However, the 
reduction in the band width estimated from the bond 
angle is very small [1]. Furthermore recent data indi- 
cate that even as the value of (r A ) is reduced the spin- 
wave stiffness is unchanged [3,4]. Since the spin-wave 
stiffness is related to the exchange constant and the 
band width, this explanation of the relation between 
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(r A ) and x through the band width is strongly in 
doubt. In this paper, we propose an alternative expla- 
nation involving the structure dependence of the elas- 
tic energy to form polarons that controls the stability 
of lattice polarons. This concept is based upon the 
knowledge of the local atomic structure of the solids 
determined by the atomic pair-density function 
(PDF) analysis of the pulsed neutron powder diffrac- 
tion data. 



2. LOCAL STRUCTURE OF La, _^Mn0 3 

While the crystallographic analysis uses only the 
Bragg peaks and determines the average crystal struc- 
ture, the PDF analysis utilizes the diffuse scattering 
as well as Bragg intensities, and describes the local 
atomic structure [5]. In a mixed-ion system such as 
the CMR manganites the local structure varies from 
site to site, and the actual bond lengths often deviates 
from those deduced from the average crystal 
structure. 

The pulsed neutron PDF of La, _ x Sr x Mn0 3 
shows a double peak in the range of 1.8-2.3 A rep- 
resenting the Mn-O bonds. As shown in Fig. 1 the 
Mn-O distances determined from the peak position 
of the PDF are different from those estimated from 
the crystal structure [6]. The crystal structure suggests 
that the Jahn-Teller distortion is quickly reduced by 
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Fig. 1» The positions of the Mn-O peaks, short (1.97 A) and long 
(2.25 A), as a function of the Sr concentration, compared with the 
Mn-O distances calculated from the crystallographic structure 
(thin solid lines, L for long and S { and S 2 for short bonds) that 
coalesce at x= 16% [6]. 



hole doping, disappearing at 16% Sr as the structure 
becomes rhombohedral. However, the local structure 
shows two Mn-O distances at 1.97 and 2.23 A well 
into the rhombohedral phase [6]. This means that the 
magnitude of the JT distortion of the distorted Mn0 6 
octahedra remains unchanged by doping. In the 
rhombohedral structure apparently the local JT dis- 
tortions are random in orientation, and are averaged 
out in the long range structure. 

The effect of doping is to remove the local JT 
distortion from some of the Mn sites. The density of 
the Mn sites where the JT distortion is removed can 
be determined by the number of short Mn-O bonds 
that changes from 4 when the JT distortion is present 
to 6 when it is absent. In the insulating phase the Mn 
sites where the JT distortion is removed represent the 
anti-JT lattice polarons. In the paramagnetic phase 
the polaron is centered on a single Mn site (small 
polaron) while at low temperatures it is spread over 
three sites (extended polaron) [6]. The density of the 
anti-JT Mn sites at 10 K was found to change 
smoothly through the metal-insulator (MI) transition 
at x c = 0.16 where it is only around 5, well below 6. 
Just above x c local JT distortion survives even in the 
metallic phase. This behavior is indicative of the per- 
colative nature of the MI transition [6]. 

3. CRITICAL IONIC SIZE FOR POLARON 
FORMATION 

We now argue that the variation in the polaron 
stability with composition is determined mainly by 
the elastic energy to form a polaron, rather than the 
band width. If the elastic energy cost is high, polarons 
will not be formed, carriers remain free and the doped 



system is a normal metal. If the elastic energy cost is 
low, polarons are stable, resulting in an antiferromag- 
netic insulator. The CMR behavior is observed in the 
crossover regime. 

Starting from A 3+ Mn 3+ 0 3 , when the JT distor- 
tion is locally removed by a doped hole, the lattice 
becomes locally distorted. The nature of distortion, 
however, depends upon the structure. When the Mn- 
O-Mn is straight (Mn-O-Mn bond angle 180°) in 
order to reduce one bond length to remove the JT 
distortion other Mn-O bonds need to be stretched to 
accommodate this local strain (longitudinal accom- 
modation, Fig. 2a). On the other hand if the Mn-O- 
Mn bond is bent, the local strain can be accommo- 
dated by the change in the bending angle (transverse 
accommodation, Fig. 2b). Longitudinal accommo- 
dation is energetically far more costly than transverse 
accommodation, since stretching the Mn-O bond 
requires much more energy than bending it. Thus it 
is conjectured that polarons that require longitudinal 
accommodation will not be formed, and polarons are 
stable only when transverse accommodation is 
possible. 

The critical condition when the transverse 
accommodation changes over to longitudinal accom- 
modation can readily be located. In LaMn0 3 the a- 
b plane consists of long Mn-O bonds (L = 2.23 A) 
and short Mn-O bonds (S = 1 .97 A). When a polaron 
is created, a pair of Mn-O-Mn bonds that are made 




Fig. 2. (a) longitudinal (bond stretching) accommodation of bond 
shrinkage, and (b) transverse (bond bending) accommodation. 
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of L + S will change to S + S. The condition that the 
Mn-O bond within the polaronic Mn site is not 
under tension (longitudinal accommodation) is that 
the Mn-Mn distance is less than S + S. Thus, the dis- 
tance between the /1-site and* oxygen, R A -o, has to 
be smaller than V2S=2.786A. This means -that the 
critical ionic size of an /1-site ion is 1.386 A in XII 
coordination. This value is slightly larger than the 
XII coordinated ionic radius of La (1.36 A) [7]. If the 
A-site ion size is greater than 1.386 the Mn-O-Mn 
bond in the polaron is straight and under tension, so 
that polarons will not form. If the ,4-site ion size is 
smaller than 1.386 A, stability of anti-JT polaron 
would increase with decreasing ,4 -site ionic radius. 

On the other hand, if we start from the other 
side, A 2+ Mn^0 3 that has no JT distortion, a polaron 
is represented by the Mn site that is locally JT dis- 
torted. Thus we start from the system of 5 + 5 Mn- 
O-Mn bonds, and doping will locally create pairs of 
5 + L bonds within a polaron. In this case transverse 
accommodation is always possible, since even when 
the Mn-O-Mn bond is straight it can become bent 
within the polaron. Thus for rt-type doping JT pola- 
rons are always stable, frequently forming a charge- 
ordered phase (polaron lattice) and resulting in an 
antiferromagnetic insulating phase. In this way the p- 
type doping of a JT distorted phase creating anti-JT 
polarons is very different from the «-type doping of 
a non-JT phase creating JT polarons. This naturally 
explains the asymmetry between the JT side and the 
non-JT side of the phase diagram which is difficult to 
understand in the current band picture. 

It is instructive to consider a phase diagram for 
jc vs. (r A ) (Fig. 3). For x>0.5 polarons are always 
stable. For jc<0.5, on the other hand, in the range 
{r A )>(r A )uc = 1.386 A polarons are unstable, and the 
system is a ferromagnetic metal, except when the 
value of x is small. When (r A ) is smaller than {r A ) LC 
polarons are stable and the system is an antiferro- 
magnetic or ferromagnetic insulator. The value of 
(?a)lc can be estimated from the fact that the La-Y- 
Ca system becomes a ferromagnetic insulator when 
the average ,4 -site radius is less than 1.33 A [2]. In the 
crossover regime 1.386 A>{r A )> 1.33 A polarons are 
marginally stable, and are influenced by many fac- 
tors. They are highly susceptible to a magnetic field, 
thus producing the CMR effect. At small values of x 
polarons are spatially separated, resulting in a semi- 
conducting behavior, but with the increased polaron 
concentration the orbital ordering will melt away first 
[8], and then the system will become a bad metal with 
local lattice distortions [6]. The metal-insulator (M- 
I) transition is most likely governed by the polaron 
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Fig. 3. The phase diagram of R\ - x A A Mn0 3 as a function of x 
and the average XII coordinated radius of the ^4-site ion, (r A ). For 
0.16<x<0.5, above (r A )= 1.3 86 A polarons are. unstable resulting 
in a ferromagnetic metal, while below 1.33 A they are stable 
resulting in a ferromagnetic or antiferromagnetic insulator. In 
between in the crossover regime where polarons are marginally 
stable, they are easily influenced by various external forces, giving 
rise to the CMR phenomena. For x>0.5 polarons are always 
stable. The solid lines indicate the average A-siie radius for each 
alloy system. The chained line shows the condition for the toler- 
ance factor being unity above which the compound is difficult to 
form without high pressure. 



percolation, at around x = 1/6 [6]. The increase in the 
stability of polarons as the value of (r A ) is reduced 
also explains the increase in the isotope effect on the 
transition temperature [9]. 

By plotting the x dependence of (r A ) for each 
mixed-ion system it is possible to explain their 
properties very naturally. The La-Sr system starts as 
a semiconductor at low doping, becomes metallic at 
x = 0.16, but stays in the crossover region up to x = 
0.325 (Fig. 3). Indeed up to x = 0.35 local lattice dis- 
tortion is observed even though the system is metallic; 
resistivity is high, and the CMR effects are observed. 
Beyond x = 0.35 no local distortion nor the CMR 
effect is observed. According to Fig. 3, the La-Ca 
system remains in the crossover region up to x = 0.5. 
Indeed in the La-Ca system the Curie temperature 
remains low and the CMR effect is more pronounced 
than in the La-Sr system. Also charge ordering (pola- 
ron lattice formation) is observed at many compo- 
sitions with a rational fraction. The Ca-rich phase is 
insulating because charges are localized as polarons. 
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On the other hand the La-Ba system leaves the cross- 
over region with small doping (x = 0.1). Indeed this 
system is difficult to form, and does not show much 
of the CMR effect. In systems based upon Pr or Nd 
polarons are more stable than in the La based system, 
so that T c is low as observed [4]. 

In this calculation we used the XII coordinated 
ionic radii, because we are more concerned about the 
structure within the polaron. Within the polaron the 
Mn-O-Mn bond is straight at the critical condition. 
On the other hand Hwang et al. [2] and Zhao et al. 
[9] focused on the average structure and used the IX- 
coordinated ionic radius. If we follow their conven- 
tion we can translate the argument above to obtain 
the critical ionic size for polaron stability of (r A ) = 
1.245 A, the critical tolerance factor t c = 0.93, and the 
lower critical tolerance factor 0.905. The crossover 
region is defined by 0.905 < t < 0.93. 

4. IMPLICATIONS TO CUPRATES 

The discussions on the CMR manganites above 
demonstrate the ionic size effect on the stability of JT 
polarons, and that the CMR effect is observed in the 
cross-over regime where polarons are marginally 
stable. There are several observations that suggest 
that analogy may hold true to some extent for the 
superconducting cuprates as well: 

1. The in-plane Cu-0 distances in YBCO and 
BSCO type compounds are narrowly distributed 
around R C m-o - 1 94 A. 

2. Cu-O-Cu bond is always slightly bent, at 
least locally, except for the n-type superconductors. 
Note that it is bent even in the so-called infinite layer 
compound as shown by experiment [10] and by the 
LDA calculation [11]. 

3. In the LSCO family when the tilt angle 
exceeds a critical angle (3.6°) superconductivity dis- 
appears [12]. 

4. The LSCO family that are prone to tilting of 
the Cu0 6 octahedra tend to have a lower supercon- 
ducting transition temperature than the YBCO 
family. 

Implications are that polaron stability competes 
against superconductivity, while the inclination for 



polaron formation may be required for high tempera- 
ture superconductivity. It appears that superconduc- 
tivity is observed in the regime where polarons are 
marginally stable. It is interesting to note that 
dynamic charge stripes with the periodicity 2a (a is 
the Cu-Cu distance) was suggested by the phonon 
dispersion for Lai. g5 Sro.i5Cu0 4 [13], which must be 
related to the static stripes (polaron lattice) with the 
periodicity of 4a observed at the charge density of 
1/8 [14]. While this argument does not lead to the 
identification of the actual mechanism of supercon- 
ductivity, it suggests that the lattice must be inti- 
mately involved in the mechanism of 
superconductivity. Specifically, it is suggested that 
carriers being in the form of marginally stable pola- 
rons may be crucial for superconductivity to take 
place. 
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Evolution of oxide electronics: examples from HTS and CMR 
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Abstract 

The last decade has seen the emergence of epitaxial metal oxide films as one of the leading electronic material systems of the 
future. This emergence was primarily stimulated by the advent of high temperature superconductors but more recently the 
resurgence of interest in magnetoresistance phenomena has led to considerable excitement regarding the epitaxial manganite films 
in which significant field induced nonlineariiies have been seen. In this article we will make a brief comparison between some of 
the important areas of similarity and differences between the cuprates and the manganites and draw some general inferences 
regarding the field of oxides and their importance to materials science and technology. 

Keywords: Manganite films: Oxide electronics: Structural distortions 



1. Introduction 

We are caught today in the dizzying ascent of the 
information technology with information processing 
and transmission occurring at ever increasing speeds. 
Other fast growing areas of information technology arc 
information storage and generation. In these areas in- 



novations arc taking place in the fabrication of non- 
volatile memory devices and novel sensor devices 
respectively where, metal- oxide based materials could 
play a very prominent role [1]. In Table I is shown the 
increasingly large number of functionalities associated 
with metal oxide films in general and the list of achiev- 
able material properties are very exciting indeed. The 



Table I 

The diverse functionalities of metal oxides 



Property 



High optical transparency 

Low loss electro-optic effect 

Piezoelectricity 

Ferroeleclricity 

Pyroelcctricity 

Fcrro magnetism 

Optical non-linearity 

High optical gain 

Transparent conductors 

Epitaxial metals 

Scintillators 

Elect roluminescence 

Ionic conductors 

High temperature superconductivity 
Colossal magneto-resistance 



Example of metal oxide 



MgO, ZrO 
LiNbO,, LiTaO, 
BaTiO.,, PbZr.Ti, x O, 
PbTiO,, BiTiO, 
PbTiO, 

Nb 2 6< SiO, Na 2 0 Ba.O, 
TiO, 

Nd-" doped YjAI,O l2 
InSnO, 

LaNi03. LaCo03 
Bi i: GcO ; „ 

Ho doped Gd 3 Ga 5 0, : 
LaSiCoO,. LaCaCoO, 
YBa : Cu,0 7 , HgBaXaCuO, 
Nd 07 Sr n .,MnOj 



Application 



Optical coatings 

Optical waveguides and integrated optics SAW devices 

Transducers micro-elect ro-mechanical systems 

N on- volatile memories 

Room temperature IR detectors 

Magnetic memories 

All-optical switches 

Lasers 

Novel device coatings 

Device electrodes with low grain boundary metal diffusion 

Radiation detectors 

Flat panel display screens 

Solid electrolyte fuel cells 

SQUID, superconducting electronics 

Magnetic sensors, bolometers 
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materials clearly suggest extensive applications in the 
fabrication of a variety of sensors and transducers which 
form the basis for a technological future evolving to- 
wards increased automation. 

Ultimately, development of a heterostructure materi- 
als technology involving semiconductors such as silicon 
and gallium arsenide in conjunction with metal-oxides 
such as superconducting cuprates, ferroelectric titanates 
(for non-volatile ferroelectric memories), piezoelectric 
niobates (for surface acoustic wave devices), magnetore- 
sistive manganites (for magnetic field sensors), etc. would 
lead to increased functionalities in future integrated 
circuits. Not to mention possible enhancements of todays 
integrated circuits. For example, reproducible technolo- 
gies for the fabrication of high dielectric constant oxides 
for capacitors is already a problem recognized industry 
wide. Significant research effort has begun and will be 
necessary for us to exploit the properties of these oxide 
materials. The study of the properties of these materials 
and their mechanisms are in fact becoming fashionable 
problems in condensed matter physics. 

Over the last decade, impressive progress has occurred 
in the fabrication of epitaxial films of virtually all the 
oxide materials of technological importance [2,3]. While 
most techniques have been successful in eventually devel- 
oping a process for the fabrication of any of the family 
of materials listed in Table 1, one technique stands out 
among the many. This is pulsed laser deposition (PLD) 
whose emergence coincided with the ascent of the high 
temperature superconducting thin film technology [4,5]. 
This technique has enabled the rapid prototyping of 
most coatings for attaining the desired properties so that 
the time between the recognition of a need and the final 
identification of the material system to do the job could 
be significantly minimized. 



2. Transport 

Very briefly we will introduce two of the most exciting 
metal -oxides of this decade: the high temperature super- 




0 50 100 150 200 250 300 
Temperature (K) 

Fig. I. Resistance vs. temperature for an in-plane oriented YBCO 
film on LSGO substrate [6]. 
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Fig. 2. Resistance vs. temperature on a linear scale for an as de- 
posited (a) Nd (>7 Sr u ,MnO, film and (b) La o7 Ba u *MnO, film at zero 
and 8T field. 

conducting (HTS) cuprates and the colossal magnetore- 
sistive (CMR) manganites. In Fig. 1 is shown the R 
versus T characteristics of YBa 2 Cu ? 0 7 (YBCO) for an 
in-plane aligned film on LaSrGaO, (LSGO) substrate [6]. 
Besides the evidence for the existence of a superconduct- 
ing transition T c in both the b and v directions one clearly 
can see the anisotropy of the resistivity in the normal 
state with an anisotropy of the v axis-/? axis resistivity 
of the order of 18 at 100 K. This arises from the planar 
nature of the molecules with the charge transport along 
the Cu-O planes which end up defining a two dimen- 
sional conducting path. The conduction along the r-axis 
direction is much more complicated compared with the 
transport of holes along the Cu- O planes. This an- 
isotropy factor is seen in virtually all the cuprate super- 
conductors with differing magnitudes. However, the 
transport properties of the manganites are pretty much 
isotropic in nature with the transport occuring along the 
Mn-O-Mn bond whose angle is affected by a variety of 
factors such as the radius of the rare earth ion, oxygen 
vacancies, external pressure, and the divalent dopant ion. 
Since the transfer integral of the charge along this 
pathway is aflected by the overlap of the highly direc- 
tional electronic bonds of the Cu 3d and the O 2p 
electronic orbitals, the transport properties arc dramati- 
cally affected by the changes in the bond angles. A 
typical R versus T curve for the manganites is shown in 
Fig. 2; that for Nd 07 Sr (U MnO, (NSMO) [7]. 

The CMR materials exhibit a paramagnetic semicon- 
ducting phase above the peak temperature 7* p , with a well 
defined activation energy of 0. 12 eV and below 7" p exhibit 
a ferromagnetic metallic phase but the transport is 
isotropic unlike the cuprates [8], The peak resistivity 
temperature is fairly close to the ferromagnetic Curie 
temperature T c . The excitement of the CMR stem from 
the fact that when a magnetic field is applied the 
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resistance can be changed by several orders of magni- 
tude as is shown in Fig. 3. 

In the case of the superconductor the origin of the 
high temperature superconductivity and a microscopic 
mechanism for the superconductivity is still being pur- 
sued vigorously with no clear solution in sight [9]. The 
normal state properties of the cuprates is itself an area 
of intense study without the emergence of a complete 
picture [10]. The manganites share a similar situation 
with respect to our understanding of their transport 
properties. However, in the case of the manganites a 
better understanding of the transport properties may be 
more likely to emerge in the near future, with significant 
drive from the magnetoelectronics community [I I]. It is 
fairly clear in the case of the manganites that spin - spin 
scattering plays an important role in the form of double 
exchange though the further role of lattice distortions 
via Jahn-Teller distortions, both dynamic and static, 
have been proposed to get a better agreement between 
theory and experimental transport data [12]. 



3. Role of structural distortions 

Both Cu 2+ and Mn u arc strong Jahn-Teller ions 
[13]. A consequence of this is that there are strong 
electron phonon coupling in these crystals and as a 
result distortions are likely to play a major role in the 
transport properties of these materials. One of the 
techniques to measure the lattice displacement of atoms 
arising from Jahn-Teller effects is MeV ion channeling 
[14]. In this technique the linear alignment of atoms in 
a crystalline lattice are probed by the backscattering of 
MeV He ions from the atoms of the crystal. When the 
ion is incident along a major axis of the crystal the ions 
are channeled (i.e., steered by the nuclei of the crystal 
atoms in between the rows and planes of the crystal) and 
the scattering cross section of the incident ion is reduced 
since the impact parameter for the ion become large. 



1 CO 



Nd 07 Sr a3 MnO 3 



0,10 





to 



CD 

-a 

i 



Fig. 3. Resistance vs. temperature for NSMO on a logarithmic scale 
wiih and without magnetic field (7]. A very large magnetoresistancc 
effect is seen. 
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Fig. 4. The temperature derivative of the channeling FWHM vs. 
temperature and the correspondence with resistance for NSMO [15]. 

This channeling effect is preserved even when the crystal 
angle is changed to within a critical angle and regular 
backscattering is restored at larger angles. The critical 
angle for channeling is estimated by measuring the full 
width at half maximum (FWHM) of the backscattering 
yield as a function of the ion incident angle. The FWHM 
is dependent on the linear arrangement of the atoms in 
the solid. Any deviation of the atoms from their regular 
ordered position will affect this FWHM and the mea- 
surement is capable of estimating atomic distortions of 
the order of a picometer (0.01 A). In Fig. 4 is shown the 
ion channeling measurements in a typical manganitc 
plotted as a function of temperature and its correlation 
with the resistance behavior with temperature [15]. A 
temperature derivative of the channeling angle almost 
overlaps the resistance plot indicating the strong correla- 
tion between lattice distortions and the resistance of the 
manganites. The measured lattice distortions are of the 
order of a few picometers, significantly larger by an 
order of magnitude compared with volumetric measure- 
ments indicating a strong dynamic distortion which is 
most likely to have its origin in the Jahn-Teller effect. 
The data unambiguously points out the importance of 
lattice distortions in understanding the transport prop- 
erties in the manganite system. 

A similar measurement of the structural distortions in 
the high temperature superconductor also yields many 
surprising features. In Fig. 5 is shown the channeling 
FWHM reduced to displacement of lattice atoms (both 
static and dynamic effects being lumped together) for 
the Cu atoms and many interesting features are seen 
here also. The thermal vibrational amplitude estimated 
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from simple Debye theory does not fit the data well and 
seems to over estimate the vibrations seen. However, 
such estimates agree well with the experiment for the 
case of Cu, Y (or Er) and Ba for the case of non-super- 
conducting samples, and in the case of superconducting 
samples the thermal vibrations of the Y (or Er) and Ba 
atoms simply follow the Debye theory as well. Thus, 
one has to conclude that either Debye theory does not 
apply to the Cu atoms only in the superconducting 
phase or that the Cu atoms do exhibit vibration anoma- 
lies that are associated with various transitions as a 
function of temperature in the superconducting solid. 
While a detailed analysis of this data is inappropriate 
for this review we would only like to point out that 
lattice distortions (both dynamic and static) are closely 
interrelated with observation of superconductivity in 
the high 7* c cuprates [16]. 



4. Summary 

While the Jahn-Teller debate for the manganite case 
may eventually shed some light for the high T c cuprates 
one can speculate on the importance of these materials 
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Fig. 5. The vibration amplitude as a function of temperature for Cu 
(•), Er and Ba ('.';) atoms in ErBa 2 Cu t 0 7 as a function of tempera- 
ture and comparison with simple Debye theory prediction ( I) [16]. 



in general for technological applications, particularly in 
the area of sensors. If one ponders the role of sensors in 
technology and automation one can say that eventually 
one would like to replicate all the human sensory 
perceptions by devices employing an appropriate mate- 
rials technology. This would imply the material to have 
reasonable sensitivity to the environment via different 
stimulations. While covalently bonded compounds such 
III- V materials or silicon tend to be less environmen- 
tally sensitive owing to the bond strength, the oxides 
tend to have significant ionicity of the bonds which 
makes them interesting for many of the sensor type 
applications. The system is more responsive to external 
perturbation such as pressure, fields, radiation, etc. 
making them ideal sensor materials. Thus, the field of 
sensors is where the largest impact of the metal -oxides 
is likely to be and here this system has more to offer 
than most other systems. Recent results of enhanced 
properties in harmonically integrated oxide structures 
[17] where the dielectric, ferroelectric and other proper- 
ties are enhanced in layered superlattices of these oxides 
is another manifestation of the nature of the bonds in 
these oxides. Thus, the future for these materials looks 
very bright indeed both from a basic research and a 
technological view point. 
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Oxygen isotope effects in the manganites and cuprates: Evidence for 
polaronic charge carriers 

Guo-meng Zhao, M. B. Hunt, K. Conder*, H. Keller and K. A. Miiller 
Physik-Institut der Universitat Zurich, CH-8057 Zurich, Switzerland 
*Laboratorium fur Festkorperphysik ETH Zurich, CH-8093, Switzerland 

We present various oxygen-isotope effects in the manganites from magnetization and thermal-expansion mea- 
surements. We found that the ferromagnetic transition temperature Tc, the magnitude of the jump in the 
thermal-expansion coefficient A/?(Tc) at T c all depend strongly on the oxygen mass. Upon replacing ie O with 
18 0, Tc can be lowered by as much as 20 K, and A/?(Tc) can be raised by about 20%. The observed novel isotope 
effects clearly demonstrate that charge carriers in these materials are strongly coupled to the local Jahn-Teller 
distortions, so that polarons are formed. 

We also report the experimental evidence for polaronic supercaxriers in the cuprate superconductors 
La2_ x Sr s Cu04. From magnetization and thermal-expansion measurements, we can quantitatively determine 
the oxygen-isotope effects on the in-plane penetration depth A a 6(0) and on the carrier density n. We find a 
negligible isotope effect on n, but a large effect on A«6(0). Our results show that polaronic charge carriers exist 
and condense into Cooper pairs in the cuprate superconductors. 



1. Oxygen isotope effects in the mangan- 
ites 

Recently, very large (colossal) magnetoresis- 
tance has been observed in the manganese-based 
perovskites Lni-sA^MnOs (where Ln is a triva- 
lent rare earth ion and A is a divalent alkali earth 
ion) [1,2]. Because of their unusual magnetic 
properties and potential applications, these ma- 
terials have recently attracted intensive research 
interest. The physics in manganites has primar- 
ily been described by the double-exchange model 
[4,3]. However, MiUis, Littlewood and Shraiman 
[5] have pointed out that double-exchange alone 
cannot fully explain the data of Lai_ x Sr x Mn03. 
They proposed that lattice-polaronic effects due 
to strong electron-phonon coupling (arising from 
a strong Jahn-Teller effect) should be involved. 

In most materials, magnetic phenomena at 
room temperature and below are essentially unaf- 
fected by lattice- vibrations because the electronic 
and lattice subsystems are decoupled according to 
the Born-Oppenheimer adiabatic approximation. 
The atoms can usually be considered as infinitely 
heavy and static in theoretical descriptions of the 

092 M534/97/S17.00 © Elsevier Science B.V AH rights reserved. 
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magnetic phenomena. However, this approxima- 
tion would break down in compounds where there 
is a strong Jahn-Teller (JT) effect. Hock et al 
[6] studied JT ions in a conductor within a lin- 
ear chain model. They showed that small JT po- 
larons can be formed when the JT stabilization 
energy is comparable with the bare conduction 
bandwidth. Polarons are not 'bare* charge carri- 
ers, but are carriers dressed by local-lattice dis- 
tortions. In other words, the electronic and lat- 
tice subsystems are no longer decoupled, so one 
would expect that lattice vibrations should affect 
the electronic quantities, and thus there should 
be effects of varying isotope mass on some mag- 
netic properties such as the ferromagnetic transi- 
tion temperature Tc- 

To be more specific, the polaronic nature of the 
conduction carriers can be demonstrated by the 
isotope effect on the effective bandwidth W e j / of 
polarons, which in turn depends on the isotope 
mass M [7]: 

W eff cc Wexp(- 7 £ fc /M. (1) 
where Et is the binding energy of polarons, and 
is independent of the isotope mass M, 7 is a 
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Figure 1. Oxygen isotope effect on the Curie tem- 
perature of Lao,8Cao.2MnC>3+ v . 



Figure 2. The linear thermal-expansion coef- 
ficient /3(T) for the l6 0 and 18 0 samples of 
(LaMn)o.94s03. 



diraensionless constant (0 <7<1) depending on 
£j>/W, u> is the characteristic frequency of the 
optical phonons (a; oc 1/y/M). In the ferromag- 
netic manganites, it is easy to study the isotope 
effect on W e /f. This is due to the fact that 
in the strong-coupling limit, where the Hund's 
rule coupling J# is very large compared to W e fj 
(Jtf>W«//)> the Curie temperature Tc oc W e /j 
(Ref. [3,5]). 

1.1. Giant oxygen-isotope shift of Tc 
in Lai-xCa^MnOs+y 
In Fig. 1 we show the magnetization (normal- 
ized to the magnetization well below Tc) for pairs 
of 16 0 and l8 0 samples of Lao.8Cao.2Mn03 + y 
(i.e., 2 for each isotope). The detailed pro- 
cedures for sample preparation and isotope ex- 
change were described in Ref. [8). For the ferro- 
magnet Lao.sCaoaMnOs+y with a strong JT ef- 
fect, the 18 0 samples have lower Tc's than the 
16 0 samples by ~21 K. On the other hand, no 
oxygen isotope effect on Tc could be detected in 
the ferromagnet SrRu0 3 with a negligible JT ef- 
fect [8]. 

Since there is no oxygen-isotope effect on Tc 
in the ferromagnet SrRu03 with a negligible JT 
effect, the giant isotope effect observed in the Ca- 
doped ferromagnets is very likely related to the 
strong JT effect in this system. For a compound 



with a strong JT effect, the electron-phonon in- 
teraction is usually large, leading to the formation 
of JT polarons [6], 

1.2. Oxygen-isotope effect on thermal 
expansion in the manganites 

In Fig. 2 we show the linear thermal-expansion 
coefficient (3(T) for the 16 O and 18 O samples 
of (LaMn)o.94s03. The thermal-expansion was 
measured using a capacitance dilatometer with 
a length resolution of ~0.1 A (Ref. [9]). The 
thermal-expansion coefficient has a sharp asym- 
metric peak at Tc, corresponding to a large 
thermal-expansion jump A/3(Tc). It is surpris- 
ing that the jump A/J(Tc) depends strongly 
on the oxygen-mass; A/?(Tc) for the 18 0 sam- 
ple is larger than that for the 16 O sample by 
24(3)%. A similar isotope effect was also observed 
in Lao.67Cao.33Mn03 (Ref.[9]). We also showed 
[9] that the Tc can be changed by varying ei- 
ther the Mn 4+ concentration or the oxygen mass, 
while A/?(Tc) can be varied only by changing 
the oxygen mass. This implies that the observed 
large oxygen-isotope effects on both Tc and the 
thermal-expansion jump are intrinsic. 

The conventional theory of ferromagnetism 
cannot explain the oxygen-isotope effects ob- 
served here. In order to find an explanation, 
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we may relate A0(Tc) to the pressure effect 
(dlnTc/dP). If the ferromagnetic transition is of 
second order, then 

d\nTc/dP = 3A0(T c )/ACp(Tc), (2) 

where ACp(Tc) is the jump of the specific heat. 
From equation 2 we see that there must be a cor- 
responding dependence of dlnTc/dP on the oxy- 
gen mass M provided that ACp(T<?) is indepen- 
dent of M. Indeed we showed that [9] AC P (T C ) 
depends strongly on M 

2. Evidence for polaronic supercarriers 
in La 2 « x Sr x Cu04 

Now it is known that high-T c superconductiv- 
ity involves the pairing of charge carriers, forming 
spin-singlet Cooper pairs, but the precise nature 
of these carriers remains unclear. The cuprates 
are known to exhibit a strong Jahn-Teller ef- 
fect which would lead to the formation of Jahn- 
Teller polarons [6]. Still, direct evidence that 
Jahn-Teller polarons exist in the superconduct- 
ing state of the cuprates has been lacking, al- 
though some indirect evidence comes from their 
recent discovery [8] in the structurally similar but 
nonsuperconducting manganite Lai-xCa^MnOa. 
Moreover, there has recently been increasing evi- 
dence that polaronic charge carriers are present in 
the normal-state of the layered cuprates [10,11]. 
However, it is not clear whether these normal- 
state polaronic carriers should condense into 
Cooper pairs. To show that this occurs, one 
has to demonstrate that the effective supercar- 
rier mass along the Cu0 2 planes depends 
strongly on ionic mass M in these layered cuprate 
superconductors. 

Since the mag netic pe netration depth A(0) is 
proportional to y/m*/n Si then 

Am'/m* = 2AA(0)/A(0) + An,/n„ (3) 

where A means any small change of a quantity 
upon isotope substitution. Thus the isotope de- 
pendence of m* can be determined if one can in- 
dependently measure the isotope dependences of 
A(0) and of n B . 

The isotope dependence of A(0) can be deter- 
mined from that of the Meissner fraction /(0) 



which, for decoupled and fine-grained samples, 
depends on the penetration depth A(0) and on the 
average grain radius R y as seen from the Shoen- 
berg formula for spherical grains [12]: 

/m = |[«-3(^)coth(^.) + 3(if),»],(4) 

where X(T) = S/[( X ab(T)] 2 \ c (T) for layered com- 
pounds. Prom equation 4, one can see that a 
change in A(0) will lead to a change in /(0), so 
the isotope dependence of A(0) can be determined 
from the isotope dependence of /(0). 

The isotope dependence of n s should be equal 
to the isotope dependence of the normal car- 
rier density n in clean superconductors. Since 
the structural phase transition temperature T s 
(from the tetragonal to orthorhombic phase) in 
the La2- x Sr x Cu0 4 system is very sensitive to n, 
a very small difference in n will lead to a huge 
difference in T 3 . Thus the isotope dependence 
of n can be measured precisely if one can accu- 
rately determine the isotope shift of T a . It has 
also been found that there is an anomaly at T s 
in the thermal-expansion coefficient of this sys- 
tem [13]. Therefore the isotope shift of T s can 
be precisely determined by a thermal-expansion 
measurement. 

Fig, 3 shows the temperature dependence of 
the Meissner effect for the 16 0 and 18 0 samples 
of La!^ x Sr x Cu0 4 with x = 0.105. The results 
for other compositions were shown in Ref. [14, 15] . 
The T c of the ls O sample is lower than that of the 
16 0 sample by ^1.5 K, and the low-temperature 
Meissner fraction of the 18 O sample is reduced 
by 6(1)% relative to the 16 0 sample. This is in 
agreement with the result reported in Ref. [15], 
indicating the excellent reproducibility of these 
isotope experiments. 

In Fig. 4 we show the linear thermal-expansion 
coefficient /?(T) for the another set of 16 0 and 
18 0 samples of La 1 . 895 Sro.io5Cu04, which shows 
the same oxygen isotope effects as the one shown 
in Fig. 3. One can see that there is an 
anomaly in 0(T) at a temperature of ~265 K 
(see arrow), which corresponds to the tetragonal- 
orthorhombic transition temperature T B [13]. It 
is clear that the two curves nearly overlap, imply- 
ing that the two isotope samples have the same T s 
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Figure 3. Temperature dependence of the 
Meissner effect for 16 O and 18 0 samples of 
La 2 _xSr I Cu0 4 with x = 0.105. 



within the uncertainty of our measurements (<0.3 
K). In addition, we also showed [14] that dT,/dn 
w dT,/dx = B = 2900 K. Using AT,<0.3 K and 
n = 0.105, we obtain |An/n| = \(l/nB)AT 8 \ < 

0. 1.. Thus, there is a negligible oxygen-isotope 
effect on n. Moreover, we have shown that the 
ratio of the normal-state susceptibilities (includ- 
ing a small Curie term contributed from some lo- 
calized carriers) for the two isotope samples is 
temperature-independent down to a temperature 
near T c . This implies that the two isotope sam- 
ples must have the same mobile carrier concen- 
tration near T e even if charge localization occurs. 
Since n 3 = n for clean superconductors, this re- 
sult also implies that there is a negligible oxygen- 
isotope effect on the super carrier density n s . 

The observed large oxygen-isotope effect on 
/(0) and negligible effect on n s imply that the 
effective supercarrier mass m* 6 depends strongly 
on the oxygen mass. This suggests that polaronic 
charge carriers exist and condense into Cooper 
pairs in the cuprate superconductors. The quan- 
titative data analysis can be seen in Ref. [14]. 
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Abstract 

The transport properties of Mn doped cuprate oxide Lai. 8 5-2xSro.i5+2^Cui_ x Mn x 0 4 and Cu doped manganite oxide 
La 0 .825Sr 0 .i75Mn 1 _ > ,Cu >> O3 are investigated. In both series, the resistivity for the intermediate doping samples exhibits an anomalous 
decrease. We argue that in both systems, the Cu-O-Cu pda path and the Mn-O-Mn double exchange path form mutual percolation 
paths and contribute to the conductivity. The resistivity data for both systems are fitted by using the mutual percolation model. 
© 2005 Elsevier B.V. All rights reserved. 
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The discoveries of high temperature superconductiv- 
ity and the colossal magnetoresistance effect in perov- 
skite oxides have stimulated considerable scientific and 
technological interest because of their exotic electronic 
and magnetic properties [1,2]. The parent materials, 
i.e., La 2 Cu0 4 and LaMn0 3 , are both antiferromagnetic 
(AFM) insulator. Doping with bivalent cation Sr 2_h for 
La 3+ gives rise to rich magnetic and electronic pheno- 
mena. For instance, in La 2 _ Ar Sr JC Cu0 4 the long-range 
AFM correlation is depressed with a small amount of 
Sr 24 " doping, and it generates the superconductivity 
within doping level 0.06^x^0.26. La^Sr^MnOa 
exhibits a metal-insulating (MI) transition associated 
with a ferromagnetic-paramagnetic (FM-PM) transi- 
tion and CMR effect near the Curie temperature at dop- 
ing level 0.17 ^ y ^ 0.5. In both compounds, there is a 
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similar Cu(Mn)0 2 conductive plane. It is suggested that 
the occurrence of the Cu-O-Cu superexchange interac- 
tion or the Mn-O-Mn double exchange interaction in 
the Cu(Mn)0 2 plane is closely related to the various 
electronic and magnetic properties in both compounds 
[3,4]. For typical superconductor La 2 _ JC Sr JC Cu0 4 , the 
charge carriers are holes induced by the Sr doping, 
and the transport property is dominated by the pda 
hybridization interaction between Cu-O-Cu in the 
Cu0 2 plane. For the typical CMR oxide La^Sr^MnC^, 
they are e g electrons of Mn 3+ ions, and the transport 
property is dominated by the double-exchange (DE) 
interaction between Mn 3 " f -0-Mn 4+ in the Mn0 2 plane. 
The similarity in composition and crystal structure of 
cuprate superconductor to the CMR materials led us 
to investigate how the magnetic properties would be 
changed if Cu (Mn) is partially replaced by Mn(Cu) in 
La 2 _ x Sr Ar Cu0 4 (La^Sr^MnC^) system. In this paper 
we report the mutual percolation phenomenon in 
the intermediate doping samples in La 1 .g 5 _ 2jc Sro.i5+ 2j c- 
Cui_^Mn Y 0 4 and La 0 .825Sr 0 .i75Mn 1 _ > ,Cu > ,O3. This 
mutual percolation phenomenon may reveal some inter- 
play of high temperature superconductors and CMR 
materials. 
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Polycrystalline samples were synthesized by means of 
a conventional solid state reaction method using high- 
purity powders of La 2 0 3 , SrC0 3 , Mn0 2 , and CuO. 
The mixed powders, pressed into pellets, were then re- 
acted at 1 150-1350 °C for 48 h under oxygen atmo- 
sphere. X-ray diffraction (XRD) analysis was carried 
out by a Rigaku-D/max-yA diffractometer using high- 
intensity CuKa radiation to screen for the presence of 
an impurity phase and the changes in structure. The lat- 
tice parameters were determined from the d-value of 
XRD peaks by a standard least-squares refinement 
method. Resistivity was measured using a standard 
four-probe method in a closed-cycle helium cryostat 
between 16 K and room temperature. For the La 0 .825- 
Sro.nsMn^Cu/^ series, we fixed the Sr concentration 
at 0.175 because at this Sr concentration the La^- 
Sr^MnOs system exhibits a metal-insulator transition 
at room temperature [5,6]. 

Fig. 1 gives the temperature dependence of resistivity 
for La 1>85 _2 J cSro.i5+2jcC^i-xMn x 04 samples. The tem- 
perature dependence of resistivity of 0.1 ^ x ^ 0.3 sam- 
ples exhibits typical semiconductor-like behavior. At 
low temperature, the resistivity increases rapidly with 
decreasing temperature. While in x > 0.32 samples, the 
resistivity exhibits different behavior. In detail, the resis- 
tivity only shows very little increase with decreasing tem- 
perature. At 20 K, the resistivity of x ^ 0.32 samples is 
three orders of magnitude smaller than that of x = 0.3 



sample. The results of resistivity indicate that the trans- 
port mechanisms in x < 0.3 samples and x > 0.32 sam- 
ples are absolutely different. 

The temperature dependence of resistivity for 
La 0 .825Sr 0 .i75Mni_ ) ,Cu J ,O3 shown in Fig. 2. In the dop- 
ing range 0 ^ y ^ 0.32, the resistivity increases rapidly 
with increasing x and decreasing temperature. But in 
the range 1/3 ^ y < 0.4, the transport behavior is abnor- 
mal. The resistivity at room temperature decreases with 
increasing Cu doping when y ^ 1/3. These results also 
indicate that the transport mechanisms in y < 0.32 sam- 
ples and y > 1/3 samples are absolutely different. 

In both systems, the resistivity for the heavily doping 
samples exhibit an anomalous decrease. For the 
LaKss.^Sro.is+^Cui.^Mn^ system, our previous 
study has suggested the coexistence of Cu-O-Cu pda 
conductivity and Mn-O-Mn DE conductivity in the 
heavily doped samples [7]. The abnormal p ~ T relations 
in the Laj.gs-ixSro.is+axCu^Mn^ samples are due to 
the formation of Mn-O-Mn DE channels in the back- 
ground of Cu-O-Cu pda paths. On the other hand, 
the anomalous transport properties in the La 0 .g25- 
Sro.nsMni^Cu^Os system can be explained by the for- 
mation of Cu-O-Cu pda paths in the Mn-O-Mn DE 
background. The anomalous decrease of resistivity in 
both systems beyond a certain critical doping concentra- 
tion can be treated as a percolation phenomenon. The 



10000 r 




50 



100 150 200 

Temperature (K) 




Fig. 1. The temperature dependence of resistivity for Lai.gs-z*- 
Sr 0 . 1 5+ 2*Cu i - x Mn x 0 4 . 
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Fig. 2, The temperature dependence of resistivity for La 0 . 8 25- 
Sr 0 .i75Mni_. v Cu^O 3 . 
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critical doping concentrations x c = 0.3 and y c = 0.32 are 
the percolation threshold values of Lai. 85 _2xSr 0 .i5+2*- 
Qii. x Mn x 04 and La 0 .825Sr 0 .i75Mni_ JP Cu > ,O3, respec- 
tively [8]. 

When the doping concentrations are lower than the 
threshold, the p ~ T relations follow certain conduction 
rules. For the La L85 _ 2 jirSro.i5+2xCui_ x Mn Ar 04 system, 
the introduction of magnetic ions Mn would not only in- 
duce the magnetic coupling between Mn and hole spins 
and form the so-called small polarons, but also intro- 
duce random magnetic potential and coulomb potential. 
We investigate the possibility of small polaron model 
and Mott's law of variable-range hopping (VRH) model 
for 0.10^x^0.3 samples. It seems that the small 
polaron model does not fit the resistivity data well. 
According to the VRH model, the p ~ T relation obeys 
the following rule: 

p cu = p cu e (7^/rr (1) 

We fit the p ~ T curves according to this model using 
the exponent as a = 1/4. The results are plotted as solid 
lines in Fig. 3(a). We find formula (1) nearly fit the 
p ~ T curves of 0.10 ^ x ^ 0.3 samples. 

For La 0 .825Sr 0 .i75Mni_ :F Cu >) O3, the doping of Cu 
introduces random potential into the Mn-O-Mn back- 
ground. In the range of 0.20 ^ y ^ 0.32, we find that 
the resistivity can be fitted by VRH model (shown in 
Fig. 4(a)) 

p Mn = p Mn e (r 0 MVr) ,/4 ( 2 ) 

When the doping content is low, the carriers may be 
localized in the form of polarons. A lot of recent exper- 
imental results have given evidence of the existence of 



small polarons in the La^Sr^MnOa system [9,10]. We 
fit the resistivity of samples y ^ 0.20 using the small 
polaron model: 

For x > x c and y > y c , the p ~ T curves fit none of 
the above mentioned formulas. In these samples, the 
Cu-O-Cu conductive paths and the Mn-O-Mn conduc- 
tive paths form mutual percolation paths and contribute 
to the total conductivity respectively. We analysis the 
p ~ T curves for these samples based on the double per- 
colation model. In La] >85 _ 2 ; C Sro.i5+2xCui_ x Mn x 04 sys- 
tem, the conductivity is dominated by the Cu-O-Cu 
paths when the Mn doping content is less than x c , 
i.e., jc^x c = 0.3. With increasing Mn doping, the 
Cu-O-Cu paths are affected by the Mn impurity and 
the resistivity increases monotonously. When the Mn 
doping content is higher than x c , the Mn-O-Mn paths 
form and conduct as percolation paths in the intermedi- 
ate doping samples. On the other hand, one can convert 
the chemical composition of La 1 . 85 _2 J cSr 0 .i5+2jcCu 1 _ JC - 
Mn x 0 4 to La. 0 .i5+2x'Sr2.i5-2x / Mni_^CuyO4 (*' = \-x). 
When the Cu doping content x* in La_ 0 .i5+2*'- 
Sr 2 .i5-2x'Mni_yCuy04 is low, the resistivity in 
La_ 0 .i5+2x'Sr2.i5-2x , Mni-yCuyO4 would be dominated 
by the Mn-O-Mn paths and the Cu ion conducts as 
impurity. One can imagine that when the Cu doping 
content x' reach another critical percolation threshold 
x' c , the Cu-O-Cu paths would form and conduct as per- 
colation paths. 

In order to fit the resistivity data using the mutual 
percolation model, we get p(300 K) ~ x relation for 
the LaK 85 _2 J cSr 0 .i5+2A:Cui_ x Mn x O4 from Fig. 1, as 
shown in Fig. 3(b), where solid circles represent the 




Fig. 3. (a) The fitting results of p ~ T curves for Lai.gs-zjcSro ^^Cui-^Mn^. (b) The p(300 K) ^ x relation for Laj.gs-^Sro.is-f^Cui.^Mn^ 
(0.10 < x ^ 0.50), where solid circles represent resistivity of x ^ x c and hollow circles larger than threshold, (c) <r Mn ~ (x-x c ) and a 01 ~ (x* -x? c ) 
relations, (d) and (e) The fitting results of p ~ T curves for Lai.ss-^Sro.u+z^Cuj.JVIn^ (0.32 ^ x ^ 0.50). 
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resistivity for x ^ x c and hollow circles represent the 
resistivity for x > x c . With the increasing x, solid circles 
follow the exponent rule. According to this rule, we can 
get p Cu and a Cu for the intermediate samples as an 
extrapolation of the experimental data. Supposing 
background resistivity and percolation resistivity are 
in parallel, the resistivity of the samples can be described 
as 



P = 



p Cu p Mn 



,Mn 



(4) 



where p is the total resistivity for the intermediate dop- 
ing samples, and p Cu (p Mn ) is the resistivity contributed 
by the Cu-O-Cu (Mn-O-Mn) percolation paths. We 
use the experimental resistivity data of the intermediate 
samples as p in formula (4) and the extrapolation value 
in Fig. 3(b) as the p 0 ". Using formula (4) we can get 
the p Mn (<r Mn ) value as the percolation resistivity of 
Mn-O-Mn paths in the intermediate doping samples. 
The cr Mn ~ (x-x c ) relation for the intermediate doping 
samples is shown in Fig. 3(c) (here x c = 0.3 and 
<x Mn = l/p Mn ). On the other hand, we treat the p Cu value 
in the intermediate samples as the percolation resisti- 
vity of Cu-O-Cu in La_o.i5+2t'Sr2.i5-2r'Mni.yCu x /04. 
As Lai.ss.^Sro.is+^Cu^^Mn^ and La_ 0 .i 5 +2^- 
Sr 2 .i 5 _2x'Mn I _ x /Cu x /04 have the same lattice, we think 
the percolation threshold value x* c for the latter com- 
pound has the same value with the former one, i.e., 
y c = Xc = 0.3. We also plot the <r Cu ~ (x* - V c ) relation 
in Fig. 3(c). For the Lan^sSro.nsMn^CUyOs system, 
the results are shown in Fig. 4. 



According to the percolation conduction rule [11], the 
conductivity contributed by the percolation paths would 
be: 



<t = <tq(p - p c y 



(5) 



where p is the percolation probability and p c is the per- 
colation threshold. We convert the p and p c in formula 
(5) into the doping concentration x and x c , and modify 
formula (5) to 

W) = yg(°o)+Ag(x-x Q ) (6) 

According to formula (6), the lg(o~) ~ \g(x-x c ) rela- 
tion for the percolation paths should exhibit linear 
behavior. That is the case in Figs. 3(c) and 4(c). 

In the intermediate doping samples, each percolation 
paths follow their own conductive rules and contribute 
to the strange p ~ T behaviors. For La K85 _ 2^0.15+2*- 
Cu!^Mn x 0 4 system, the p~T for 0.38^x^0.50 
samples show different behavior comparing to that of 
0.32 ^jc< 0.35 samples. For the group of 0.32^ 
jc < 0.35, p Cu and p Mn in formula (4) are according to 
formula (1) and (2), respectively. When 0.38 
0.50, the a increases quickly, which indicates that the 
small polaron conductive formula (3) is reasonable. 
Using formula (1), (2) and (4) to fit the p ~ T data of 
0.32 ^ x ^ 0.35, the results are plotted in Fig. 3(d). 
Using formula (1), (3) and (4) to fit the p ~ T data of 
0.38 ^ x < 0.5, the results are plotted in Fig. 3(e). The 
fitting results are in good accordance with the experi- 
mental data. For La 0 .825Sro.i75Mni_ x Cu Ar 0 3 system, for- 
mula (1), (3) and (4) fit the experimental p ~ T data, the 
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results are plotted in Fig. 4(d). The theory is in good 
accordance with the experiments. 

In summary, it exhibits anomalous p ~ T behaviors 
in the intermediate doping range of Lai. 8 5_ 2 xSr 0 .is+2x- 
Cui_ x Mnjc04 and Lao.sisSro.nsMnj-jcCu^Oa as well. 
For the resistivity results, theoretical analysis and exper- 
imental fit point out that the Cu-O-Cu pdo paths and 
the Mn-O-Mn double exchange paths are interdiffused 
percolation paths in both systems. We suggest that there 
is a mutual percolation process in doped perovskite 
oxides. 
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Abstract 

We introduce briefly the principal ideas of a new model approach to the strongly correlated oxides like cuprates 
(YBa 2 Cu 3 0 6+JC , La^Sr^CuO^ La 2 Cu0 4+<5 , ...), manganites (La 1 _ JC Sr x Mn0 3 , ...), nickellates (La 2 Ni0 4+)$ ), bis- 
muthates ((K, Ba)Bi0 3 ) as systems where the nonisovalent substitution promotes the local disproportionation reaction 
with the formation of the polar (electron and hole) pseudo-Jahn-Teller (PJT) centers phase being a system of the local 
singlet or triplet bosons moving in a lattice of the hole PJT centers. 

The unconventional properties of the substituted strongly correlated oxides are connected with an active interplay of 
the charge, spin, orbital and local structural (or PJT) modes taking account of the strong charge inhomogeneity, 
multi-granularity, static and dynamic phase separation and percolation phenomena. © 1998 Elsevier Science B.V. All 
rights reserved. 

PACS: 1\21. + a 

Keywords: Strongly correlated systems; Cuprates; Manganites 



1. Introduction 

Unconventional properties of the oxides like 
YBa 2 Cu 3 0 6 +x , La 2 _ JC Sr x Cu0 4 , (K,Ba)Bi0 3) 
La^Sr^MnOs, La 2 Cu0 4 + a , La 2 Ni0 4+<5 , includ- 
ing systems with high-T c superconductivity and 
colossal magnetoresistance reflect a result of 
the response of the system to the nonisovalent 
substitution that stabilizes the intermediate valence 

♦Corresponding author. Fax: + 7 3432 615 978; e-mail: 
alexandr.moskvin@usu.ru. 



phases providing the most effective screening of the 
charge inhomogeneity. These phases in oxides can 
involve novel molecular cluster configurations like 
the Jahn-Teller sp-center [1] (see Table 1) with 
anomalously high local polarizability. In Table 1 
we present some examples of such centers for the 
oxides unstable with respect to the disproportiona- 
tion reaction like 

M + M M + + M~, 

where M is a basic metal-oxygen center (Cu0 4 ~> 
NiOr> MnO§~> BiO|", respectively), the 
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Table 1 





s 


P 


s 2 


sp 


Cuprates (D 4h ) 


b lg (Cu 2+ ) 


£u 


bf, 2 : 'A lg (Cu J+ ) 


b?,e* : 13 E U 


Nickellates (D 4h ) 


b lg a lg : 3 B lg (Ni 2+ ) 


aige u : 1,3 E U 


br 8 2 aT g : 2 A l8 (Ni 3+ ) 




Manganites (O h ) 




^2g e gl2u • 3,5 r u 


t!, 3 : 4 A 2 ^Mn 4+ ) 


tf,tJ.: 2 - 4 T 2(1 


Bismuthates (O h ) a 


3 0 6s 2 :A lg (Bi 4+ ) 


£iQ6s 2 t^i u * 2 Tj u 


So^A.^Bi 5 *) 


S 0 :6s*tr u : 13 T lu 



a S 0 is a molecular core with completely filled shells. 



M* centers are the corresponding polar (hole and 
electron) centers. All these oxides are the so-called 
charge transfer semiconductors, where a funda- 
mental absorption band is determined by the 
charge transfer s->p transition from the non- 
degenerate and predominantly metallic even s-state 
to the low lying degenerate and predominantly 
oxygen odd p-state. An ionization or a hole doping 
for the sp-like M center can be accompanied by the 
quasi-degeneracy effect: a hole can be localized 
either at the predominantly metallic (s) or at the 
predominantly oxygen (p) molecular orbital with 
competition of the two configurations, s 2 and sp, 
respectively. As a result, we have for the hole center 
M~ a ground manifold of the terms with different 
parity, spin multiplicity and orbital degeneracy 
providing a multi-mode behavior of such centers. 
First of all these are unstable with respect to the 
pseudo-Jahn-Teller (PJT) effect [2] with active even 
and odd local displacement modes of different sym- 
metry and to a formation of the appropriate vibronic 
states [3,4]. A common feature of the hole PJT 
centers listed in Table 1 is the appearance of a non- 
zero electric dipole moment and nonquenched orbital 
moment with an appropriate magnetic moment. 

The hole PJT center with its high polarizability 
can be a center of an effective local pairing with 
a formation of the local singlet (e.g. cuprates) or 
triplet (e.g. manganites) boson as two electrons 
paired in molecular shell. Thus we come to the 
electron PJT center: M~ = M + + (local boson). 
A local boson can correspond to the completely 
filled molecular shell with the *A lg symmetry (e.g. 
b^ for the cuprates and nickellites, 6s 2 for the 
bismuthates) or to the half-filled molecular shell, 



e.g. e 2 with the 3 A 2g symmetry in the manganites. 
Two polar centers can have a similar structure of 
the ground manifold. It is worth to notice that the 
PJT nature of the polar centers results in a strong 
(vibronic) reduction of the disproportionation reac- 
tion probability. 

As a whole, the oxides under consideration can 
be called the strongly correlated PJT oxides. 

For the Cu0 4 center based strongly correlated 
copper PJT oxides the nonisovalent substitution 
can promote a disproportionation reaction 

2Cuor [cuorijT + [cuorijT 

with the creation of the system of the polar (the hole 
CuOl" or the electron CuOl") PJT centers [3,4]. 
These centers are distinguished by the local spinless 
boson or by two electrons paired in the completely 
filled molecular orbital of the Cu0 4 cluster. New 
phase can be considered as a system of the local 
bosons moving in the lattice of the hole PJT centers 
or as the generalized quantum lattice bose-gas. An 
origin and anomalous properties of the PJT centers 
are driven by a near degeneracy of the molecular 
terms i A i% (Zhang-Rice singlet), l E w 3 E U (Fig. 1) 
for the configurations b? g and b lg e u , respectively, 
that can create conditions for the PJT effect with 
the active local displacement modes of the Qe u , 
Q blt ((? b2i ) types [2-4]. In other words, a formation 
of the PJT center in copper oxides is initiated by the 
sharp correlational decrease in the energy of the 
bi g — e u transition that determines the funda- 
mental absorption band for the parent cuprates. 

As an important indication to the dispropor- 
tionation reaction with the occurrence of the 
local bosons one can consider a reveal of the high 
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Fig. 1. A ground state manifold for the polar PJT center in the 
Cu0 2 -plane with an illustration of the PJT effect and the pos- 
sible ground state JT modes. The four types of distortion 
isomers of the Cu0 4 clusters corresponding to the four minima 
of the ground state adiabatic potential are schematically depic- 
ted in the insets for the B lg and B 2g symmetry types, respectively. 

temperature (T < 1000 K) carriers with the charge 
q = 2e for a number of the Cu0 4 clusters based 
oxides [5]. 
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2. Correlations and the near degeneracy effects for 
the Cu0 4 clusters in high T c copper oxides 

At first sight an analysis of the electronic struc- 
ture and of the energy spectrum of the parent com- 
pounds such as La 2 - x M x Cu0 4 , YBa 2 Cu 3 0 6+x at 
x — 0 does not display any exotic peculiarities ex- 
cept quasi two-dimensional antiferromagnetism de- 
termined by the strong exchange interaction for the 
b lg (d x2 _ y2 ) holes in the "basic" CuO*" clusters. At 
the same time it is worth to pay attention to one 
important feature, namely to the "exciton-band" 
form of the fundamental absorption in the 
1.5-3.0 eV region strongly pronounced in systems 
like R 2 Cu0 4 (R = La, Nd, Eu, Gd), 
YBa 2 Cu 3 0 6+JC , CuO [6-8]. 

A peculiar character of the absorption connected 
with the allowed charge- transfer transition b lg -> e u 
between the copper-oxygen b lg hybrid and the 
purely oxygen e u orbital (see Fig. 2) evidences the 
strongly correlated nature of the e u -electrons with 
formal existence of two types of the e u -states with 
and without strong correlation. This peculiarity is 
connected with the fact that maximal hole density 
occurred for oxygen ions just in the e u -states of the 




Fig. 2. Angular distribution of the electron (hole) density for the hybrid Cu 3d 0 2p -b lg (d,2-y2) and for two types of the purely 0 2p -e u 
states. 
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CuO I" 



CuOt 



Fig. 3. Correlation effects in the energy spectrum of the basic CwO%~ cluster and the hole C\xO%~ center with numerical values (in eV) 
typical for oxides like CuO. On the right hand side, we show a formation of the fundamental absorption spectra for the parent and hole 
doped oxides with peculiar MIR band in the latter case. 



Cu0 4 cluster and can be easily explained in the 
framework of the non-rigid anionic background 
model [9]. This model introduces a new "correla- 
tion" degree of freedom with two possible states of 
anionic background for the valent 0 2p -holes cor- 
responding to two possible projections of the cor- 
relation pseudospin s = \ and is described by the 
simplified Hamiltonian 



tfcorr = M, + VJ Z 



(1) 



where V it3 are the operators acting within the 
valence states. Simple approximation used in [9] 
conjectures the linear n 2p -dependence for K 1)3 , 
where n 2p is the O 2p -hole number. According to the 
optical data [6-8] the correlation pseudospin split- 
ting for the CuO*" cluster can attain the value 
~ 0.5 eV. It is worth to mention that the model by 
Hirsch [9] results in a formal doubling of the mo- 
lecular orbitals, in particular, we have two types of 
the orthogonal (!) b lg (upper correlational sublevel) 
and bfg (lower correlational sublevel) states distin- 
guishing by the correlational pseudospin projec- 
tion. 

An increase in the 0 2p -hole concentration with 
the hole doping CuO^-^CuO^ results in 



a sharp increase of the e u -correlational splitting in 
the hole CuOl" centers. 

Fig. 3 shows qualitatively the results of the tak- 
ing account of the considered "e u -correlation" for 
the energy spectrum of the basic CuOf" cluster 
and the hole CuC>4~ cluster with numerical esti- 
mates typical for the simplest cuprate CuO [3,8]. 

Thus we come to a conclusion about a near- 
degeneracy for two configurations bfg and b? g ej 
with b* g and e* being a lowest correlational sub- 
levels. This result does not drastically change upon 
taking into account an electrostatic interaction 
V ee between two holes. Moreover, just the V ee con- 
tribution was considered earlier [3] as the main 
reason for a near degeneracy of 1 A lg (Zhang-Rice 
singlet) and 1,3 E U terms formed by bf g 2 and hf^e* 
configurations. So, both the correlation effects lead 
to a near degeneracy in the ground state of the hole 
center CuC>4~ with possible PJT resulting in a 
formation of the hole PJT center [Cu04~] JT . 

Unusual properties of the ! A lg , 1,3 E u manifold 
involving terms distinguished by the spin multipli- 
city, parity and orbital degeneracy provide an un- 
conventional behavior for the hole PJT center 
[Cu04~]j T with an active interplay of various 
modes. This center can be considered as a center of 
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the effective electron pairing or the local boson 
condensation within a formally empty b 2 g config- 
uration. The hole PJT center with the local singlet 
boson represents an unconventional electron PJT 
center [CuOl"]^ which is essentially distinguished 
from the "primitive" CuO^" center considered as 
a nondegenerate system with the completely filled 
Cu 3d and O 2p shells. 

A transfer from the hole to the electron PJT 
center (charge fluctuation) as an addition of the 
completely filled shell in general cannot be accom- 
panied by the crucial change of the electronic struc- 
ture and could result only in the change of the local 
"bare" parameters such as A-E-separations 
— £(*E U — £( l A lg )), or singlet-triplet separa- 
tion A st = £( 3 E U - ECE U ) (see Fig. 1) right up to 
the full reversal of the ground JT-mode 
(E u B lg «-»E u B 2g ). In other words, the charge fluctu- 
ations in the PJT centers phase in general should be 
strongly coupled with the local spin and structural 
fluctuations that result in a remarkably compli- 
cated multimode behavior. 

Main hopes to the direct demonstration of 
the validity of the above model are connected 
with a revealing of the isolated PJT center. 
In this connection we refer to the recent paper 
[10] whose authors have performed the NQR 
study of the hole centers CuOf" in 
La2Cuo.5Lio.5O4. Their results can be interpreted 
as convincing evidence of the singlet-triplet PJT 
structure of the hole center. This conclusion is 
based on the following: 

1. The authors have revealed the spin singlet 
ground state (S = 0) and the low lying spin trip- 
let state (S = 1) with the singlet-triplet separa- 
tion A sx = 0.13 eV. 

2. They observed anomalous weak temperature 
dependence of the relaxation rate at low temper- 
atures which proves the occurrence of the spin- 
less multiplet structure in the CuO^" cluster 
ground state. 

3. They have revealed an appreciable spin contri- 
bution to the low temperature relaxation indic- 
ating the simultaneous occurrence of the ground 
state multiplet structure, the sufficiently low sin- 
glet-triplet separation and the intrinsic sin- 
glet-triplet spin-orbital mixing. 



4. They observed the relaxation inequivalence of 
the various Cu sites quite natural for the PJT 
centers in the conditions of the static Jahn-Teller 
effect. 

We think that further investigations of this sys- 
tem can provide valuable information about PJT 
centers. 

In our opinion direct evidence for the Jahn- 
Teller nature of the PJT centers with active role of 
the copper-oxygen hybrid Q eu -mode was displayed 
by the maximum entropy method (MEM) in 
YBa 2 Cu 3 0 6+JC at x»l [11]. The authors ob- 
served the characteristic squarish deformation of 
the nuclear density for the Cu atom in the Cu0 2 
plane due to the anomalous strong anharmonic low 
temperature (T = 15 K) thermal motion. 

A situation similar to cuprates can be realized in 
other oxides. In Table 1 we list some examples of 
the sp-like basic M centers and the appropriate 
hole M" centers for the PJT cuprates, nickellates, 
bismuthates and manganites. 

A nonisovalent substitution La 3+ Ca 2+ , Sr 2 + , 
... in the rare earth manganites like LaMn0 3 can 
result in a disproportionation reaction 

2MnOr -* [MnOl"] JT + [MnO£°-] JT 

with the formation of the unconventional PJT ana- 
logues of the conventional Mn 4+ and Mn 2 + ions, 
respectively. It is worth to mention that these ions 
in most of the known weakly covalent and weakly 
correlated insulators are considered as usual S-type 
ions with an orbitally nondegenerate ground term. 
For the hole PJT center [MnOg"]^ we have to 
deal with the quasi-degeneracy of the conventional 
even t 2g : 4 A 2g configuration and the charge trans- 
fer odd configuration t 2g 4 t 2u : 2S+1 T U , where t 2u is 
a purely oxygen odd hole state. 

Unusual properties of the 4A 2g , 2S * l T u manifold 
with terms distinguished by the spin multiplicity, 
parity and orbital degeneracy provide an uncon- 
ventional behavior for the hole PJT centers with an 
active interplay of various modes. This center with 
its high polarizability can be the center of an effec- 
tive local pairing. An appropriate electron PJT 
center [Mn06°~] JT will be distinguished by the 
appearance of two electrons coupled within e g -shell 
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with the formation of the triplet local boson (e*- 
configuration with the 3A 2g symmetry). 

So, the manganites LaMn0 3 can be considered 
as systems unstable with respect to the dispropor- 
tionate with the formation of the PJT centers 
phase being a system of local triplet bosons mov- 
ing in a lattice of the PJT centers [MnOl - ]^. 
Generally speaking, we deal with a complicated 
multi-component strongly correlated quantum 
bose-liquid with the hybrid charge-spin-local 
structure eigenmodes. As a result we conjecture the 
appearance of a wide spectrum of the low energy 
excitations. 

It seems that an existence of two types of the PJT 
centers, of hole and electron, should be easily detec- 
ted by various resonance methods especially by 
such local probes as NMR or NQR. However, for 
real situations, it is necessary to take account of the 
local boson movement and the life times of the 
polar centers. For instance, the shape of the metal 
or oxygen nuclear resonance spectrum for the PJT 
centers phase can be described by a "bi-lorentzian" 
like [12] 

I(co, Q) = 

W e W h ((D e - CQ^ 2 (T e + Th)T e T h 

[T e T h (0) - CO e XcO - CO J] 2 + [_X e ((0 - (O e ) + T h ((0 - C0 h )] 2 ' 

(2) 

where W- t is the probability to find a nucleus within 
the electron or hole JT-center, ij and a>j = Q + A { 
are the life time and the resonance frequency for the 
corresponding centers, respectively. As usual, the 
frequency Q is randomly distributed near the mean 
value <J2> = co 0 , thus the spectrum shape is ob- 
tained by averaging I(co 9 Q) with the Gaussian dis- 
tribution of Q: 

S(co) oc j/(co,f2)exp[ - (Q - a> 0 ) 2 /2a 2 ] df2. (3) 

Depending on the life time values we can obtain 
both two well separated lines for the electron and 
hole centers, respectively, and one more or less 
asymmetric line. It seems that such a situation is 
exhibited both in cuprates [12] and manganites 
[13]. 



3. Classical and quantum phase separation in 
strongly correlated PJT oxides with the nonisovalent 
substitution 

An optimal way to the formation of the PJT 
centers phase or the initiation of the dispropor- 
tionate reaction in a parent system like 
La 2 Cu0 4 , YBa 2 Cu 3 0 6 , LaMn0 3 , La 2 Ni0 4 is to 
create charge inhomogeneity by nonisovalent 
chemical substitution including interstitial atoms 
and vacancies. This process results in an increase of 
the energy of the parent phase and creates proper 
conditions for its competition with other phases 
capable of providing an effective screening of the 
charge inhomogeneity potential. The strongly de- 
generate PJT centers phase is one of the most 
favorable ones for this purpose. At the beginning 
(nucleation regime) a new phase appears in the 
form of the so-called CI (charge inhomogeneity) 
center as a kind of peculiar quasi-atom with a 
charge inhomogeneity source as a nucleus and with 
a certain number of the neighboring PJT centers 
forming the boson shells. In general, the CI center 
can be considered as a region of the pinning of the 
certain multi-mode ground or excited state with 
a different relationship between the potential and 
kinetic contributions to the total energy providing 
the localized or delocalized boson states, respec- 
tively. 

As one of the recent remarkable experimental 
indications to the formation of the CI centers in the 
cuprates note the zero field copper NMR data in 
Y 1 _ JC Ca x Ba 2 Cu 3 0 6 by Mendels et al. [14]. The 
nonisovalent substitution in the antiferromagnetic 
state was accompanied by the anomalous decrease 
in the concentration of the NMR resonating copper 
nuclei: every Ca 2 + -ion excluded from the NMR 
about 50 copper ions (!), that could be connected 
with their disproportionation within the CI center. 

A parent phase and a novel PJT centers phase 
can coexist in the phase separated or "underdoped" 
regime. At different stages of this "chemical" phase 
separation regime we have to deal with the isolated 
CI centers, with the percolation effect and finally 
with a complete removal of the parent phase (see 
Fig. 4). This situation results in many unconven- 
tional properties of the copper oxides with the 
CI centers including a possible coexistence of the 
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La 2 .,M x Cu0 4 





Fig. 4. An illustration to the phase separation and percolation phenomena within the Cu0 2 -planes for the cuprates like 
La 2 - x M x Cu0 4 . A part of the phase diagram T N -x and Tq-x is schematically sketched. A novel metallic-superconducting phase is shown 
as an inhomogeneous one. 



spatially separated antiferromagnetism and super- 
conductivity [15], an appearance of the specific 
effects connected with the interphase boundaries 
displacement accompanied by a change in the rela- 
tive phase volume [16], percolation phenomena, 
etc. 

Above we considered a "classical" (static or dy- 
namic) regime of the phase separation with a co- 
existence of the spatially separated thermodynamic 
phases which was really observed, for instance, in 
the cuprate La 2 Cu0 4 + 5 [15]. For the oxides under 
consideration it is possible to consider a "physical" 
phase separation including a "quantum" regime of 
the phase separation as a new version of the inter- 
mediate valence state with an appearance of the 
local regions with the quantum superposition of the 
parent and the polar PJT centers phase ("quantum 
disproportionation") like 

<F(2Cu0 4 ) = Ci^CuOr) + c 2 <F(CuOr 

+ CuOj-), (4) 

where c u2 are the appropriate quantum ampli- 
tudes. A most probable correlation length for the 



quantum phase separation state is of nanoscopic 
scale. 

For the inhomogeneous systems with a set of 
multi-component order parameters the ground 
state can represent a strongly fluctuating quantum 
liquid as a result of a dynamic equilibrium of the 
fluctuations of the different phases (including the 
parent phase) characterized by the corresponding 
life time and correlation length. As a specific par- 
ticular case this "dynamic phase separation" regime 
includes a "static phase separation" regime with 
coexistence of two phases in the region of the first 
order phase transition. For such systems we have to 
consider different multigranularity effects and per- 
colation phenomena. 

The above viewpoint on the phase separation 
phenomena is generally compatible with the pio- 
neer ideas for the cuprates by Emery and Kivelson 
[17] and some other model approaches. So on the 
basis of the neutron scattering data Egami [18] 
conjectured the appearance of a nano-scale hetero- 
geneous structure which is composed of a plenty 
mobile-carrier existing region of metallic conduct- 
ivity and semi-localized scarce carrier region with 
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antiferrornagnetic spin ordering. Recently, Zaanen 
[19] described the copper oxides as a quantum 
liquid of static and dynamic stripes. 

The CI centers can in general have a complicated 
radial-tangential electronic structure with the an- 
isotropic radial and angular density distribution of 
the partially localized and mobile bosons. The real 
structure of the CI centers will be determined by the 
resultant minimization of the boson transfer en- 
ergy, the boson-boson interaction energy and the 
inhomogeneity potential energy F dis taking into 
account the boundary conditions or the quantum 
size effects. 

The disproportionation reaction in the rare earth 
manganites is stimulated by the nonisovalent 
chemical substitution as in La x -^S^MnC^ and 
can also be accompanied by the static and/or dy- 
namic phase separation of the classical or quantum 
origin. It is worth to mention that from the begin- 
ning of the intensive studies the substituted manga- 
nites are qualitatively described within the model 
approach similar to the phase separation [13,20]. 

Note that the most original and elaborated ap- 
proach to this problem is developed by Nagaev [20]. 

4. Mid-infrared absorption in strongly correlated 
oxides 

In any case a formation of the polar PJT center 
in oxides is initiated by the sharp correlational 
decrease in the energy of the s-p-transition that 
determines the fundamental absorption band for 
the parent oxides. Thus the "parent" absorption 
band shifts from the rather usual position around 
~ 2-3 eV to the mid-infrared region (MIR) form- 
ing the so-called MIR band. The appearance of 
the MIR absorption is a common feature of the 
strongly correlated oxides under consideration. 
The MIR band structure reflects the phase state of 
the PJT centers system providing a kind of its 
portrait. For the localized polar centers within vari- 
ous charge ordering modes the MIR absorption 
consists of two more or less separated bands (low 
energy L band and high energy H band) linked to 
an absorption in the electron and hole centers, 
respectively. A boson derealization results in an 
essential change of the MIR absorption up to an 
appearance in the limit of the large transfer inte- 



grals of the single M band peaked at an energy 

A M = c c A c + c h A h , (5) 

where c e h , A eh are the concentration and the MIR 
band peak energy for the electron and hole centers, 
respectively. Boson derealization is accompanied 
by an increase of the conductivity and formation of 
the Drude-like boson contribution to the optical 
properties. 

An experimental observation of the MIR absorp- 
tion bands in all the oxides under consideration 
convincingly prove the existence of the PJT centers. 
The MIR absorption in the cuprates [3] is deter- 
mined by the allowed charge transfer transition 
b? g : l A lg b lg e u : 1 E U and represents the correla- 
tion analogue of the corresponding single particle 
bi g ->e u transition (see Fig. 3). The relation be- 
tween the energies of these MIR bands for the 
electron (A e ) and hole (A h ) centers, respectively, 
enables us to make some conclusions about the 
vibronic reduction of the boson transfer integral 
and therefore about the potentially possible critical 
temperature T c , isotope shift effect and baric coef- 
ficient [21], So, the condition A c = A h is necessary 
for the maximal T c . A structure of the MIR absorp- 
tion bands in general can be modeled by a "bi- 
lorentzian" like Eq. (2) and contains an important 
information on the phase state of the PJT centers, 
in particular, about the boson relaxation rate. 

Fig. 5 shows schematically the MIR bands for 
the rare earth manganites in the localized (L, 
H bands) and delocalized (M band) states of 
the PJT centers system. The suggested model 
spectra are based on the experimental data for 
LaMn0 3 [13], La 0 . 9 Sr 01 MnO3 [22] and for 
Nd 0 .7Sr 0 .3MnO 3 [23]. These experimental data 
enable us to distinctly identify the high energy (H) 
band centered at A H & 1.2 eV and the low energy 
(L) band centered at A L « 0.1 eV. The cooling from 
an ambient temperature is accompanied by the 
appearance of the M band centered at 
A M « 0.5 eV « i(J L + J H )> whose intensity in- 
creases upon lowering the temperature especially 
with transition to the metallic ferromagnetic state. 
A coexistence of the (L •+ H) and M bands can be 
evidence to a favor of the phase separation with 
a coexistence of the localized paramagnetic or 
antiferrornagnetic phases and delocalized metallic 
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Fig. 5. Schematic picture of the MIR band for the substituted 
rare-earth manganites with the localized (L-, H-bands) or de- 
localized (M-band) states of the PJT centers system. A tail of the 
fundamental absorption band is also shown. 

ferromagnetic phase with or without the appropri- 
ate percolation. Besides, the various phase regions 
of the polar PJT centers system can coexist with the 
regions of the parent oxide phase, thus determining 
the complicated multi-phase inhomogeneous struc- 
ture of the substituted oxide. 

5. Generalized quantum lattice bose-Iiquid 

For inhomogeneous systems with a set of the 
multicomponent order parameters the ground state 
can represent a strongly fluctuating quantum liquid 
as a result of a dynamic equilibrium of the fluctu- 
ations of the different phases characterized by the 
corresponding lifetime and correlation length. 
A description of such systems is extremely compli- 
cated and needs simplified model approaches. 

A simplest approximation for the cuprates cor- 
responds to the full neglect the intermode coupling. 
A singlet boson system in this case is described by 
the well known Hamiltonian of the quantum lattice 
bose-gas (QLBG) [24,25] 

tf B (singlet)= X t(mn)B+{m)B{n) 

m> n 

+ £ K(ron)#(m)#(n)+A£tf(ro)+h.c., 

m> n m 

(6) 

where t(mn) is the boson transfer integral, N{m) is 
the boson number on m site, V(mn) is the 



boson-boson interaction energy, \i is the chemical 
potential determined by a constant concentration 
constraint, B + (m)(B(m)) is the boson creation (anni- 
hilation) operator on the m site. V(mm) — oo as- 
sumed to exclude double occupation on the m site. 

The QLBG Hamiltonian is equivalent to that of 
the anisotropic Heisenberg magnet (s = j) with the 
temperature dependent external magnetic field 

Hb = ^S»+ X lt(mn)(S x (m)S x (n) 

m m<n 

+ S y (m)S y (n)) + V(mn)S z (m)S z {n)l (7) 

where the spin operators are connected with the 
creation (annihilation) operators 

B(m) = 5 + (m) = S x (m) + iS y (m\ B + {m) = S"(m) 

= S x (m) - iS y (m), N(m) = \ - £(m), (8) 

the parameters t(mn) and V(mn) are the effective 
exchange integrals, a boson chemical potential 
plays the role of an external field and is determined 
by "the concentration constraint" 

<S Z > = Z <S z (m)> = N(i - <N*», (9) 

m 

where N is a lattice site number, <iV B > is an average 
site boson concentration. 

The long-range quantum charge modes for the 
QLBG are determined by the relationship between 
the magnitudes of the transfer integral t BB and the 
effective boson-boson interaction V BB [25]: these 
correspond to the non-ordered metallic NO-phase, 
the charge ordering CO-phase (or charge density 
wave CDW-phase), the superconducting bose- 
superfluid BS- and the mixed (CO + BS)-phases 
with a nonzero value of the superconducting order 
parameter ?F(r) = <S~>. 

Similar to the real spin moment the supercon- 
ducting order parameter density distribution can 
be linked with the electron density distribution for 
the local boson. An appropriate wave function for 
the cuprates has the x A lg symmetry and within 
a simplified model corresponds to the b? g electron 
configuration. However, the local boson moves in 
the PJT lattice so its effective symmetry should 
correspond to one of the local symmetry types A lg , 
Big (B 2g ), E u peculiar to the PJT center. Thus a lo- 
cal boson should in general exhibit both the usual 
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s- and unconventional p- or d-type symmetry both 
even and odd. Note that the problems with the 
superconducting order parameter symmetry within 
the conventional BCS approach and that of the 
local bosons are essentially different. On the one 
hand, we have to deal with the gap-function sym- 
metry in fc-space, on the other hand the local boson 
symmetry is defined in a real r-space. In the absence 
of a theory for the high-T c superconductivity the 
hot discussion of the superconducting order para- 
meter symmetry is a rather scholastic. Practically, it 
is necessary to discuss certain experimental data. 

Both the boson transfer integral t(mn) and the 
effective (screened) Coulomb interaction V(mn) can 
be varied within a relatively large range providing 
the optimal conditions both for superconductivity 
(V ^ t) and for charge ordering (V > t). Fig. 6 pres- 
ents qualitatively a phase (T, v) diagram with v- 
parameter determining the specific behavior of 
V and t (see inset in Fig. 6) and also a temperature 
dependence of the charge fluctuations 
{SN(m)3N(n)y WtT and the fluctuations of the super- 
conducting order parameter (dS^imjSS'iri)}^ for 
three regimes with V > t, V « t and V ^ t. Note 
the "pseudo-gap" behavior of the appropriate fluc- 
tuations at T < T BS and T < T co . 

An effective local boson Hamiltonian becomes 
extremely complicated for the PJT centers phase 
with the triplet local bosons as in substituted man- 
ganites since we cannot separate the charge and 
spin systems. Even for the maximally simplified 
case with the full neglect of the near degeneracy and 
the PJT effect, when the PJT centers [MnO|"] JT 
and [MnC>6 0 "]j T are transformed to the conven- 
tional electron (Mn 2+ : 3d 5 : 6 A lg ) and hole 
(Mn 4+ : 3d 3 : 4 A 2g ) polar centers, the disproportion- 
ated system as a system of the triplet local bosons 
moving in a lattice of the hole Mn 4 + -centers can be 
described by the unconventional Hamiltonian of 
the generalized quantum lattice bose-gas 



H B (triplet)= X t(mn)(t + (m)- f{n)) 

m>n 

+ Y J(#(ro),%))$m) 



+ £ K(mn)tf(m)#(n)+/£Mm)+h-C., 

m 

(10) 
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Fig. 6. Upper panel: a model (T, v) phase diagram for the 
quantum lattice bose-gas (N B « 0.5) with v being a parameter (in 
particular, N B or doping content!) determining a certain change 
of V and t (see the inset). Lower panels show a qualitative In- 
dependence of the charge fluctuations and the superconducting 
order fluctuations for three regimes marked by arrows in the 
upper panel for V > t (weak screening), V ^ t (optimal screen- 
ing) and V < t (over-screening), respectively. 
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where the vector operators T*(m)(T(m)) create (an- 
nihilate) the triplet local bosons with different 
spin projection (the x, y, z~ or 0, ±1 bosons) and 
simultaneously change the spin multiplicity 
(S = f <->S = f ), S is the usual spin operator, J{mn) is 
the effective exchange integral. The T and S oper- 
ators are coupled by a kinematic constraint result- 
ing from the spin algebra and the Hund's rule. An 
exchange interaction Mn 3+ -Mn 3+ , Mn 2+ -Mn 2+ , 
Mn 4+ -Mn 4+ is antiferromagnetic, whereas the 
Mn 2+ -Mn 4+ exchange can be antiferromagnetic 
or ferromagnetic depending on the superexchange 
geometry. As in the well-known double exchange 
problem we have a competition between the anti- 
ferromagnetic nonmetallic and ferromagnetic me- 
tallic states. In general we can describe the system 
by the order parameters <r + >, <T>, <£>, <JV> and 
by the appropriate fluctuations. The first two para- 
meters describe the triplet boson condensate with 
"kinematically" induced ferromagnetic or canted 
spin ordering. The last two parameters describe 
the rather conventional spin (predominantly anti- 
ferromagnetic) and charge ordering. A full MFA 
description of the phase diagram for manganites 
within the simplified model Hamiltonian (10) will 
be presented elsewhere. 

One of the peculiar features of the localisation in 
the rare earth manganites like Lai-^Sr^MnOa 
as for other strongly correlated PJT oxides is 
a formation of the low lying hybrid spin-charge- 
local structure ordering modes like static 
magnetic-lattice polaron. An interplay between co- 
existing metallic and non-metallic phases within 
the framework of the static or dynamic phase 
separation is directed by the level of the 
nonisovalent substitution, the isotopic( 16 0 -> ls O) 
substitution, external magnetic field, external pres- 
sure or the temperature. As in [20] we conjecture 
this unconventional interplay is revealed in many 
exotic "phase transition-like" peculiarities observed 
in the substituted manganites [20,26], providing, in 
particular, the so-called percolative contribution to 
the isotope shift effect [27]. 

6. Conclusions 

We have suggested a new approach to the 
strongly correlated oxides like cuprates 



(YBa 2 Cu 3 0 6 + JC , La 2 -^Sr x Cu0 4 , La 2 Cu0 4+j5 , ...), 
manganites (La! _ xSr^MnOa, - - . ), nickellates 
(La 2 Ni0 4+ 5,), bismuthates ((K, Ba)Bi0 3 ) as to sys- 
tems where the nonisovalent substitution promotes 
the local disproportionation reaction with a forma- 
tion of the electron and hole PJT centers phase. The 
new phase can be considered as a generalized quan- 
tum lattice bose-liquid or a system of the local 
singlet (cuprates) or triplet (manganites) bosons 
moving in a lattice of the hole PJT centers. 

The unconventional properties of the substituted 
strongly correlated oxides are connected with an 
active interplay of the charge, spin, orbital and 
local structural (PJT) modes taking account of the 
strong charge inhomogeneity, multi-granularity, 
static and dynamic phase separation and percola- 
tion phenomena. 



Note added in proof 

A convincing experimental argument in favor of 
an instability with regard to the disproportionation 
reaction like 

Mn 3+ + Mn 3+ -> Mn 2+ + Mn 4+ 

has been recently obtained by M.F. Hundley and 
J.J. Neumeier (Phys. Rev. B 55 (1977) 11511) as 
a result of a detailed examination of the temper- 
ature dependence of the thermoelectric power in 
La!_ x Ca x Mn0 3 . 
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Abstract 

We report on three different experiments on high temperature superconducting (HTS) cuprates and colossal magnetoresistive 
(CMR) manganites, which clearly bring out some of the important similarities and differences between the two material systems. 
The experiments involve the measurement of temperature dependence of the mean squared displacement of Cu and Mn ions from 
their equilibrium site in the case of the cuprates and the manganites, respectively, and their correlation with the transport 
property. In both cases the key ions in the materials (Cu for HTS and Mn for CMR) exhibit vibration amplitudes larger than that 
of ions in simple Debye solids and clearly show discontinuities in the vibration amplitudes as a function of temperature close to 
the phase transition temperatures. These point to the unequivocal participation of phonons in the transport processes and possibly 
in the onset of the phase transitions (i.e. superconductivity and ferromagnetism). The second set of experiments, involves 
femtosecond optical excitation of micro-strip resistors made of cuprates or manganites, and the subsequent measurement of the 
changes in the impedance on a 20 ps time scale. In the case of the manganites one measures the time scales involved in the 
ionization and reformation of a Jahn-Teller polaron and also the decay times of magnon excitors. In the case of the cuprates one 
sees a highly efficient pair breaking process with a very sharp resonance, with a width of only 100 meV, which is indicative of the 
role of a large intermediate excitation in the mechanism of high temperature superconductivity. In the third experiment, 
spin-polarized electrons injected from a manganite electrode into a superconductor are observed to break pairs at a rate far larger 
than unpolarized electrons. This effect seems very orientation dependent for the case of YBCO, which may shed new light on the 
transport of quasi-particles at YBCO interfaces. © 1999 Published by Elsevier Science S.A. All rights reserved. 

Keywords: High temperature superconducting (HTS) cuprates; Colossal magnetoresistive (CMR) manganites; Cu and Mn ions 



1. Introduction 

Since the end of 1986, when high temperature super- 
conductors came into being, the subject has captured 
the interest of one of the largest segment of the research 
community in any sub-field of Physics [1-5]. Despite 
the level and pace of the research, the origin of the 
nature of transport in the cuprates is still known piece 
meal and the microscopic mechanism of the pairing 
process still eludes us [6-9]. Even the normal state 



* Corresponding author. 



transport properties continue to challenge our under- 
standing and truly innovative experiments are needed 
to get at the root of these issues [10-12]. Over the last 
5 years or so the condensed matter community has been 
pursuing yet another family of perovskites, the colossal 
magnetoresistive manganites, with a degree of intensity 
second only to the high T c cuprates [13,14]. This is 
simply because the underlying physics behind the ob- 
served phenomena, encompass some of the most excit- 
ing ideas in condensed matter Physics involving highly 
correlated electronic systems with strong electron - 
phonon coupling and magnetic interactions [15-18]. In 
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addition, familiar ideas in solid state chemistry involv- 
ing electronic orbitals and bond hybridization have 
been readily adopted in this field [19,20]. The rnangan- 
ite system may be an enabler in furthering our under- 
standing of the cuprates. In this system, the strong 
electron-phonon interaction results in a precisely and 
relatively easily measurable correlation of transport 
properties with lattice distortions from which lessons 
may be drawn regarding similar effects in the case of 
the cuprates. The more visible role of electron spins on 
the transport properties of the manganites may shed 
light on the role of antiferromagnetic order in the 
Cooper pairing mechanism in the cuprates. In this 
paper we present three different experiments involving 
both the cuprates and the manganites, which we believe 
are very important for furthering our understanding of 
these rather enigmatic materials systems. 



2. Ion channeling study of ion dynamics 

Let us consider some of the important similarities 
between the cuprates and the manganites. In the less 
conducting state of the materials the electrical transport 
can be understood as due to charge hopping between 
adjacent Cu or Mn sites. The hopping frequencies 
increase as the conductivity of the material increases 
and this has effects on the dynamic lattice distortions 
whose frequencies are comparable with phonon fre- 
quencies. Thus the lattice distortions would no longer 
follow the charge hopping when the system becomes 
very metallic and the hopping times become very fast. 
The role of lattice distortions and their impact on 
transport properties arises from an important similarity 
between the Cu 2+ and Mn 3+ ions which are both 
Jahn-Teller ions [21] and would strongly favor lattice 
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Fig. 1. Resistance vs. temperature curve for a film of La 0 7 Cao 3 Mn 0 3 
film deposited by pulsed laser deposition. In the inset is shown the 
perovskite crystal structure of the manganite. 



distortions to reduce the electronic degeneracies of the 
valence electrons. Let us now take the case of the 
manganites and the cuprates one by one. 

The manganites, characterized by the formula /? x _ 
1 Af x Mn0 3 (where R = a trivalent rare earth ion such as 
La, Nd, Pr etc. and M = a divalent ion such as Ca, Ba, 
Sr), for the case of jc = 1/3, can be represented by the 
transport property described by Fig. 1 [22,23]. In this 
case of La 0 . 7 Ca 0 3 Mn0 3 , the resistivity vs. temperature 
curve shows a bell shaped curve with the resistance 
exhibiting a peak close to the Curie temperature (270 
K), so that above this peak the material is a paramag- 
netic semiconductor [24] and below this peak it is a 
ferromagnetic metal as evidenced by the onset of mag- 
netization. The unique transport properties of this com- 
pound is understood as due to the hopping of an 
electron from a Mn 3+ ion to an adjacent Mn 4+ ion, 
via an intermediate oxygen atom. In this process the 
electron from the Mn 3+ exchanges position with an 
electron in the 2p orbital of the oxygen and the original 
oxygen electron jumps concurrently into the Mn 4 + 
valence level. In this double exchange' process [25], the 
strong Hund's rule coupling of the valence electrons to 
the core electrons, imposes a condition that the transi- 
tion probability of the electron is proportional to the 
overlap of the spins at the two Mn core levels. The 
unusually large magnetoresistance and the ferromag- 
netic transition can be understood to some extent based 
on this double exchange idea. However, the observation 
of metallic behavior in this system at large resistivity 
values requires other mechanisms for charge localiza- 
tion and the Jahn-Teller distortion of the Mn-O-Mn 
bond is one such mechanism [26]. The Mn 3+ -0 and 
the Mn 4+ -0 bonds are not symmetric and the resul- 
tant distortion localizes the charge thereby raising the 
resistivity values. One of the important consequences of 
this idea is that when the electron hops from one Mn 3 + 
to the next Mn 4 + , it will be followed by a renormaliza- 
tion of the Mn-O bond configuration, provided the 
hopping times are comparable with phonon frequen- 
cies, which is true in the paramagnetic semiconducting 
state. However, as one gets into the metallic state where 
the hopping times become faster than the phonon re- 
sponse times, this effect becomes progressively weaker. 
Another way of looking at this is to say that in the 
semiconducting state the transport is via a small po- 
laron whose size becomes progressively large as the 
metallicity increases with the electron becoming eventu- 
ally itinerant as in conventional metals. So if the atomic 
displacements could be measured in these materials 
with a precision of better than 10" 10 cm, then one 
ought to see dynamic displacements of the Cu or Mn 
ions in excess of the thermal vibrations expected for a 
Debye solid. One experimental technique that measures 
such displacements accurately is ion channeling spec- 
trometry [27], though in the case of the manganites the 
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Fig. 2. (a) The displacement u of the Mn atoms from their equilibrium lattice positions as measured by ion channeling as a function of temperature 
in a 2000 A thick film of Nd 07 Sr 0 3 Mno 3 grown on LaA10 3 substrate, (b) The resistance vs. temperature curve for the manganites and the 
temperature derivative of the lattice displacement (m) [32]. 



effect is so large that even neutron scattering is able 
to measure such displacements unambiguously. How- 
ever, in the case of the cuprates neutron scattering 
has not been as successful as ion channeling [28,29]. 
Details of the ion channeling technique can be ob- 
tained from a variety of references [30,31] and for 
brevity we will only deal here with the results of the 
measurements. 

2. L Ion channeling in the manganites 

In Fig. 2 is shown the dynamic displacements mea- 
sured for the compound Nd 0 7 Sr 03 MnO 3 by ion chan- 
neling technique in comparison with what is expected 
for a Debye solid [32]. Interestingly, in the paramag- 
netic state (T> 170 K) there are excess dynamic lat- 
tice distortions by as much as 50% of the thermal 
vibrations which vanish as one goes below the ferro- 
magnetic transition (-170 K). In Fig. 3 is shown 
similar data for La, 2 Sr ! 8 Mn 2 0 7 a bilayer manganite 
system (an analog of YBCO, a Cu bilayer supercon- 
ductor) and here again, the channeling data shows 
excess distortions in the system above the Debye val- 
ues which then vanish below the Curie temperature 
( - 100 K) progressively as the system becomes more 
metallic [33,34]. In some sense we could make a gen- 
eral remark that a system that has polaronic trans- 
port would at an insulator to metal transition show 
significantly larger vibration amplitudes than in a De- 
bye solid and in the metallic state this excess distor- 
tion must vanish. Hence at a metal- insulator or 
normal metal -superconductor transition in a polar- 
onic conductor one would expect to see dramatic 
changes in the excess lattice distortions. 
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Fig. 3. (a) The displacements of the Mn atoms from their equilibrium 
lattice positions as measured by ion channeling as a function of 
temperature for a bilayer manganite, La, 2 Srj 8 Mn 2 0 7 in the tempera- 
ture range of 36-150 K, the circles represent the FWHM of the 
channeling angular scans, (b) The same in the temperature range of 
150-350 K [33,34]. 
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2.2. Ion channeling in the cuprates 

In Fig. 4 is shown the channeling data for single 
crystal YBCO with the vibration amplitudes of Cu 
plotted for an oxygen deficient YBCO (non-supercon- 
ducting) and a fully superconducting YBCO (T c = 92.5 
K) [35]. Also shown are the Debye curves for both the 
systems (with Debye temperatures T=330 and 380 K 
for the non-superconducting and superconducting sam- 
ples). The non-superconducting YBCO shows a 
monotonic behavior while the superconducting sample 
shows a variety of unusual discontinuities with temper- 
ature. The fact that the non-superconducting sample 
shows a larger vibration amplitude, and that the super- 
conducting sample shows a drop in this vibration am- 
plitude abruptly at the transition temperature is proof 
that there is a dramatic difference in the role of 
phonons in the transport properties above and below 
7 C . If we took the analogy from the manganites one 
would say that the system has evolved from a polaronic 
behavior above T c to some thing less polaronic below 
the T c . While the polaron in the case of the manganite 
arises because of the difference in the Mn-O bond 
configuration depending on the valence state of the Mn, 
in the case of the cuprates the polaron may arise from 
a different origin. Since the Cu valences are believed to 
be predominantly 2+ in the superconducting phase, 
the argument arises as to where the hole responsible for 
transport resides. Energetics arguments preclude the 
hole from being localized either on the Cu or the O 
atom. Molecular entities such as Zhang-Rice singlets 
(ZRS) [36], where the hole is shared by a square of four 
oxygen atoms with the spin of the Cu electron and that 
of the hole forming a singlet seem highly plausible. If 
such molecular entities facilitate the hopping of charge 
from site to site, then the Cu-O bond configuration of 
the ZRS would be affected by the hole occupancy of 
the site. Thus by arguments similar to the case of the 
manganites one would expect an ion channeling signa- 
ture in the less conductive state of the material as is 
indeed seen. Further, in the superconducting state, 
where the electrons become truly itinerant the excess 
vibrations die down completely. What is indeed re- 
markable is that even at 90 K, the system already 
reaches the zero-point vibration of the system suggest- 
ing a coherent state for the ionic sites as well! The 
freezing of the Cu motion has been further verified 
recently by EXAFS technique [37]. The unusual transi- 
tions seen at 150, 200 K and at higher temperatures 
show the possibility of other phonon mediated behavior 
in the system, not obvious in the transport measure- 
ments which would require further exploration. 

In summary, ion channeling experiments with ability 
to measure small vibration amplitude of the atoms 
from their equilibrium positions may be a very valuable 
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Fig. 4. Displacements of the Cu atom in the case YBa 2 Cu 3 0 7 _ ( j 
superconductor as measured by ion channeling as a function of 
temperature for S = 0.77 (non-superconducting) and S = 0.05 (super- 
conducting) samples. In the non-superconducting case the Debye fit 
(triangles) with a Debye temperature of 330 K, and in the supercon- 
ducting case the Debye fit (squares) with a Debye temperature of 380 
K is shown [31]. 



tool for understanding the transport properties of the 
perovskite based conductors where strong electron - 
phonon effects are seen in addition to strong electron 
correlation. 



3. Optical excitation study of electron dynamics 

We can learn significant information about the mate- 
rial systems by studying their electron dynamics. In 
retrospect the previous section dealt with dynamics of 
the ions measured by a technique which takes snap 
shots of the nuclei at very short time intervals ( ~ 10" 20 
s determined by the ion scattering times) 1 . Now we 
want to focus on the electron dynamics. In the follow- 
ing technique we use 100 fs laser pulses to excite the 
electrons in the system and see the rise and decay times 



1 The Ion Scattering time depends on the distance of closest 
approach or the impact parameter which is of the order of a few 
Fermi and depends on the atomic number of the incident ion and the 
target nucleus. Since the velocity of the incident ion is ~ 10 9 cm per 
s, these times are in the range of 10~ 19 -10~ 21 s. 
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at different temperatures where the property of the 
material changes. The experiment consists of measuring 
the changes in the impedence of a transmission line 
built out of the material of interest. While readers can 
get details elsewhere [38], the measurement times are 
essentially limited by the oscilloscope rise time, which is 
20 ps, as a result of which processes faster than 20 ps 
will be averaged in this time scale. Once again, let us 
consider the case of the manganites first since the data 
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Fig. 5. The electronic energy levels and the possible optical transitions 
in the paramagnetic and ferromagnetic states of the manganites [41 J. 
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temperature of 280 K, close to the ferromagnetic transition tempera- 
ture in the case of La^Cao^MnC^ (LCMO) film [41]. 





91 r 




90- 




89- 








88 ■ 


e 






87 * 


i 




86 - 




85 




84 



— i — ■ — i — <— 


— i — - — i — « — i — - — i — 




I P= 30 mW 
I=9mA 
T= 79.27 K ; 



10 20 30 40 
Time ( ns ) 



50 



Fig. 7. Optical response consisting of a photoresistive transient at a 
temperature of 79.27 K, where the LCMO is in the fully ferromag- 
netic state [41]. 
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Fig. 8. Optical response at an intermediate temperature of 200 K for 
LCMO where both the conductive and resistive transients are seen 
[41]. 
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Fig. 9. The behavior of the resistive and conductive transients with 
respect to temperature and comparison with the resistance curve [41]. 

is relatively easier to interpret. At temperatures close to 
the Curie temperature where the system has Jahn- 
Teller splitting, the energy levels for the electronic 
transition can be considered as shown in Fig. 5 [39,40]. 
For the 1.5 eV photon the most likely transition is that 
of an electron from the lower e g orbital of the Mn 3 + to 
the e g orbital of the Mn 4+ ion (Transition A) [41]. This 
essentially ionizes the polaron, which will increase the 
conductivity and indeed such a signal is seen as shown 
in Fig. 6. The rise time of the conductivity transient 
signal is of the order of 40-60 ps and the fall time is of 
the order of 150 ps. It is not clear at this point as to 
what these times signify. Besides the Jahn-Teller dis- 
tortion arising from the Mn 3_f ion, the Mn 4+ ions 
exhibit an oxygen-breathing mode distortion which also 
causes changes in the electronic energy levels promoting 
localization. So when the electron is promoted from the 
Mn 3+ to the Mn 4+ ion the Jahn-Teller and the 
breathing mode distortions must change sites effec- 
tively. Since the hopping ti2mes close to the ferromag- 
netic transitions are likely to be slow one ought to see 
polaronic effects accompanying charge transfer. The 
fall time represents the trapping time for the excited 
electron or the reformation time for the Jahn-Teller 
polaron. At very low temperatures where the system 
becomes a good ferromagnetic metal the signal has 
opposite behavior; it is a resistive transient and is 
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significantly slower (Fig. 7). Based on the slow response 
and resistance increase, this signal is interpreted as due 
to magnon formation and its recombination. This time 
comes out to be of the order of tens of nanoseconds and 
is also very temperature dependent with the time con- 
stant becoming longer with increasing temperature. 
Transition B in Fig. 5, the most resonant, would pro- 
duce a spin flip excitation with some help from the weak 
spin orbit coupling in the system, and the relaxation will 
be via magnon decay. The magnon decay times are an 
order of magnitude larger than those for conventional 
metallic magnetic systems such as Ni [42-44], which is 
consistent with the order of magnitude narrower reso- 
nance line width measured in the manganites by ferro- 
magnetic resonance experiments [45]. (What is still not 
resolved is the strength of the transition B which seems 
comparable with that of A, though the former should be 
weak on account of the small spin orbit coupling in the 
manganite system). At intermediate temperatures one 
observes both the conductive and resistive components 
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Fig. 11. The Optical response (proportional to the Cooper pair 
breaking rate) vs. excitation energy of the photon for YBCO (upper 
panel), compared with the data from Refs. [46] (solid line) and [47] 
(solid squares) as shown in lower panel [50]. 

(Fig. 8) which tells us that the evolution of the system 
from a paramagnetic semiconductor to a ferromagnetic 
metal is a gradual evolution and as shown in Fig. 9 the 
system crosses over at temperatures below TJ2 from a 
predominantly paramagnetic behavior to a ferromag- 
netic behavior. The system evolves from an ionic bond 
picture to an itinerant metallic band picture! 

Let us look at the case of the cuprates now. What one 
sees at a given photon energy is a two component 
excitation (Fig. 10a) where the slow component has 
been clearly identified as due to thermal effect while the 
fast initial component (Fig. 10b) is interpreted as a 
kinetic inductance change arising from pair breaking 
effects [38]. The photon dependence of this fast compo- 
nent (Fig. 1 1) is quite exciting since one sees a resonance 
centered at about 1.53 eV with a FWHM of only 100 
meV. This is indeed an unusual result in the sense that 
such a narrow excitation is possible at all in such a 
strongly correlated electronic system in the supercon- 
ducting state. Two different observations [46,47] prior 
to this have confirmed the existence of a resonance 
around 1.5 eV in the case of the cuprates, but neither of 
them involved direct pair breaking. Instead they were 
measurements of index changes and had much broader 
features (~500 meV) as seen in Fig. 11. While the 
intrinsic processes of excitation and decay are much 
faster than our measurement times of 20 ps, the optical 
resonance is qualitatively correct and identifies a high- 
energy excitation responsible for the pair breaking, in 
consistence with the observation of [46,47], Taking the 
analogy of the manganites if one considers this as an 
ionization of a ZRS (whose separation from the upper 
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Hubbard band has been identified via photoemission 
experiments [48,49] to be around 1.4 eV), then the pair 
breaking could be consistently explained [50], Thus the 
optical excitation experiment further supports the find- 
ings from the channeling results. 



4. Spin-polarized quasi-particle injection into high 
temperature superconductors 

In the last set of experiments, we have coupled the 
HTS and CMR together to study the effect of spin-po- 
larized electrons on the superconductor. All the efforts 
in this direction to date [51-53] consist of FET struc- 
tures in which the critical current of the HTS channel is 
modulated by spin-polarized current injected from a 
CMR gate electrode. This modulation is compared with 
the gate electrode replaced by a non-ferromagnetic 
electrode such as Lanthanum nickel oxide, which is 
structurally and thermodynamically very similar to the 
manganites. When the gate current is injected along the 
c-axis with the super current flowing in the a-b plane, 
the spin-polarized electrons are effective at breaking 
Cooper pairs at least a factor of 15-30 times larger 
than unpolarized electrons (Fig. 12) [52]. When such an 
experiment is performed for the case where the channel 
is replaced by an a-axis oriented YBCO film, with gate 
current along the a-axis and the super current along the 
huxis in the b-c plane, the difference between the 
spin-polarized and unpolarized pair breaking efficiency 
becomes much smaller. This result has significant im- 
pact on some of the current theoretical description of 
charge transport in the cuprates. Anderson [54] has 
postulated that in the case of the cuprates it may be 
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Fig. 12. Critical Current vs. gate injection current at different temper- 
atures for: (a) ferromagnetic manganite (Nd 0 7 Sr 03 MnO 3 ) gate injec- 
tor and (b) non-ferromagnetic metallic gate injector (LaNi0 3 ). 



easier to transport a paired electron along the c-axis as 
opposed to a single quasi-particle. From a ferromag- 
netic electrode it will be difficult to produce a singlet 
pair of electrons and any alternative would enable 
better pair breaking than the case where the electrons 
are injected as correlated pairs as can happen from a 
non-ferromagnetic gate electrode. However, there are 
still some unresolved issues relating to thermal effects in 
these experiments which need to be put to rest before 
the results can be fully considered. The connections 
with the previous two experiments is as follows. The 
concept of the unusual pair transport along the c-axis 
of cuprates applies to the system where spin-charge 
separation exists. ZRS will manifest spin-charge separa- 
tion and thus the spin-polarized quasi-particle pair 
breaking data may be an indirect proof of YBCO being 
a system in which spin-charge separation exists [12]. 



5. Summary 

These three sets of experiments, which probe ion, 
electron and spin dynamics, need to be refined further, 
though even at this stage the data produced by these 
experiments clearly point to exciting ways for us to 
unravel the mystery of these materials. The rejuvena- 
tion of research in the manganite is certainly having a 
synergistic effect on the cuprate research. 
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Abstract 

Transition metal oxides represent a considerable potential for the generation of new frameworks with new magnetic and transport properties 
with a view of applications in the field of electronics. Three examples of ceramics are reviewed herein, which are all characterized by a 
mixed valence of the transition element, allowing electronic derealization to be produced: high T c superconducting cuprates (Cu 2 VCu 3+ ), 
thermoelectric cobaltites (Co 3+ /Co 4+ ) and colossal magnetoresistance manganites (Mn 3+ /Mn 4+ ). 
© 2005 Elsevier Ltd. All rights reserved. 
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For a long time considered as compounds of academic in- 
terest, transition metal oxides have been studied these last 15 
years for their extraordinary magnetic and transport proper- 
ties susceptible of various applications. In this respect, ox- 
ides involving copper, manganese and cobalt have a great 
potential. Their remarkable magnetic and transport proper- 
ties originate from the ability of these elements to adopt 
various oxidation states and electronic configurations. For 
these oxides, the mixed valence Cu 2+ /Cu 3+ , Mn 3+ /Mn 4+ or 
Co 3+ /Co 4+ reflects the possibility of electronic derealiza- 
tion over the metal-oxygen framework, whereas the Jahn 
Teller effect of several of their cations, such as Cu 2+ , Co 2+ or 
Mn 3+ , favors the formation of anisotropic structures and con- 
sequently of anisotropic transport and magnetic properties. 
The spin configurations of several of these cations are also 
very complex especially for cobalt, so that complex magnetic 
transitions are often generated. 

The cuprate family 1 " 4 exemplifies the great impact of the 
transition metal oxides in the discovery of new concepts 
in solid state physics, and in the realization of new func- 
tional materials. Beside the famous cuprate La^BajCuC^ 
synthesized for the fist time in the 80s 5 and which was 
found to be superconductor below r c =40K, 6 the cuprates 
YBa 2 Cu 3 0 7 (often called "123"), Bi 2 Sr 2 CaCu 2 0 8 +A and 
Bi2-^Pb x Sr 2 Ca2Cu 3 Oio+5 (called "2212" and "2223", re- 
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spectively) are now considered as materials for the fu- 
ture. Their critical temperature, ranging from 92 K for 
YBa 2 Cu 3 0 7 to 1 10 K for Bi-2223 allows to use liquid nitro- 
gen, a cheap cooler, for working. Moreover they are almost 
ecological, since they contain few or even no heavy toxic ele- 
ments such as thallium, mercury or lead. The high Curie tem- 
perature of these oxides originates from the bidimensionnal 
character of their structure (Fig. 1). The latter forms indeed 
layers built up of Q1O5 pyramids and CUO4 square planar 
groups, sharing corners. High temperature superconductivity 
results form the derealization of hole carriers in the Cu0 2 
planes, whereas in classical superconductors the derealiza- 
tion is tridimensionnal. In contrast to the latter, the high T c 
superconductors exhibit a low coherence length. The latter 
characteristic is a handicap for the propagation of holes and 
requires an almost perfect alignment of the Cu0 2 planes in 
order to reach high current densities for applications. For this 
reason, numerous studies of the sintering of these ceramics 
were carried out these last years, bearing in mind the com- 
plex chemistry of these compounds. For instance in the case 
of YBa 2 Cu307, the most successful methods are based on the 
texturation, using either the melt textured growth (MTG) or 
the top seeding melt growth (TPMG). These methods allow to 
elaborate discs of reasonable size (5-1 Ocm diameter) with- 
out any microcracks, which can then be assembled by sol- 
dering for various applications. In this way, current density 
values of 70,000 A/cm 2 can be reached in "YBCO". Thus, 
this material is close to the application for the realization of 



1966 



B. Raveau /Journal of the European Ceramic Society 25 (2005) 1965-1969 




YBa 2 Cu 3 0 7 
(a) 



Bi 2 Sr 2 GaCu z 0 8 
(b) 



Bi 2 Sr 2 Ca 2 Cu 3 O f0 
(c) 



Fig. 1 . Structures of the high T c superconductors (a) YBa 2 Cu 3 0 7 T c = 92 K (b) Bi 2 Sr2Ca2Cu 2 08 + a, T c « 90 K and (c) Bi 2 -^Pb x Sr 2 Ca 2 Cu30iofa, T c = 1 10 K. 



generators and magnets. Propulsion motor prototypes devel- 
oping a power of lOOkW, were realized by several staffs in 
Moscow and Iena. In the same way, magnetic levitation of this 
material is actually being used for the realization of magnetic 
bearings. The magnetic levitation train "MAGLEV", realized 
by Japanese researchers, which runs over 45 kms, is another 
example of the potential of "YBCO". For bismuth cuprates, 
the shaping methods are different, using either forging or 
hot rolling for the realization of wires. For these materials 
the application is close at hand for the realization of con- 
necting cables, transformers and generators and MHD ship 
propulsion systems. Several prototypes have been realized 
by different companies. This is exemplified by the realiza- 
tion of fault current limiters of 1 .2 MVA, made of Bi cuprate 
"2212", realized by ABB and current leads of 13kA real- 
ized by Alcatel, whereas with the Bi "2223" cuprate current 
transformers were realized by ABB and EDF and connecting 
cables at Detroit Edison. The latter show the great potential 
of this cuprate since current transportation can be performed 
in cables of 120 m length, and 1 10 kg of Bi-2223 replace ef- 
ficiently 8 tons of copper. Superconductivity coils based on 
Bi-2223 cuprate, were also fabricated recently to be used in 
nuclear magnetic resonance for medical imaging. The appli- 
cations in the field of electronics are more distant, especially 
for fast electronics which requires to adapt these materials to 
the silicon technology, main unsolved problem to date. Never- 
theless, important progresses have been achieved in the field 
of interconnectors and hyperfrequency transmission. The re- 
alization of superconducting quantum interference devices 
(SQUlDs) for various detection (submarine, brain etc. . .) is 
also close to the outcome. Less than twenty years after their 
discovery, cuprates appear as functional materials with great 



potential. The recent discovery of superconductivity in the 
layered cobalt oxide NaCo02, yHiOj shows that the explo- 
ration of oxides in view of discovering new superconductors 
is so far not finished, and that efforts have to be done to 
understand this phenomenon in oxides whose chemistry is 
complex. 

Lamellar cobaltites are the second example of oxides 
whose transport properties are much studied due to their po- 
tential application in the field of energy conversion especially 
at high temperature. The cobaltite NaCo2C>4 whose structure 
(Fig. 2) consists of layers of edge-sharing CoOs octahedra, 
interleaved with Na + cations 8 shows very attractive transport 
properties. 9 This oxide exhibits at room temperature a high 
thermoelectric power S= +100 jxV/K, a low resistivity close 
to that of a metal, p=0.2m£2cm, and a rather low thermal 
conductivity ^=2Wm" 1 KT 1 . This leads for this material 
to a figure of merit, Z-S 2 /pK, very acceptable at high tem- 
perature which should allow the realization of thermoelec- 
tric generators. The recent discovery of cobalt oxides with 
a "misfit" structure 10 " 16 speeds up the research activity on 
the thermoelectrics technology 17,18 especially in Japan. The 
misfit cobaltites are in fact composite structures built up of 
two distinct layers with different crystal lattices. This family 
is exemplified by Ca3Co409 whose structure (Fig. 3) con- 
sists of the stacking of "C0O2" layers with a monoclinic 
symmetry (a~4.8A, Z>i~4.6A, 10.9 A, /3^98°) and 
of "CaCoCV layers with the same symmetry, a, c and fi 
parameters being identical but b parameter being different, 
&2 % 2.8 A. These two sorts of layers have thus a very differ- 
ent structure, namely Cdl2 type for "C0O2" and rock salt 
type for "Ca2Co03'\ The structural misfit between these 
two types of layers is better evidenced by the chemical 
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Fig, 2. Structure of the cobaltite NaCc^CU. 

formula [Ca 2 Co0 3 ][Co02]M/A2> with b\/b 2 = 1.625. Thanks 
to its high thermoelectric power S= + 120 u,V/K, independent 
on the temperature for T> 200 K, and to its low resistivity 
(Fig. 4), Ca3Co4<39 has a great potential for thermoelectric 
application, similar to NaCo204. Advantageously, this oxide 
has a better stability than NaCo2<34 and has a greater po- 



Ca^CoOb 
type NaCI 



Co0 2 
type Cdl 2 




a 




Fig. 3. Misfit structure of the cobaltite Ca 3 Co 4 0 9 , (Ca 2 Co0 3 )(Co0 2 )i.62, 
built up of Cdh type"Co02" layers and rock salt type 'X^CoCV' layers. 



0 50 100 150 200 250 300 350 
T(K) 

Fig. 4. Evolution of the thermoelectric power 5 and of the resistivity p of 
the cobaltite vs. temperature. 

tential for high temperature utilization. The great flexibility 
of the "misfit" structure has allowed a large family of com- 
pounds to be generated, where the rock salt layer can host 
various cations such as strontium, barium, thallium, bismuth, 
mercury and lead. As a result, the structural misfit charac- 
terized by the b\lb2 ratio can vary significantly. The thick- 
ness of the rock salt layers, or more exactly their multiplicity 
can also vary. This is illustrated by the recent discovery of 
the bismuth cobaltites [Bi1.7Sr2O4lfCoO2l1.82 whose struc- 
ture (Fig. 5) is also built up of single "C0O2" layers but in 
which double "bismuth-oxygen" are sandwiched between 
single strontium-oxygen layers, replacing the "Ca2Co203" 
layers. This great variety in the composition, but also in the 
stoichiometry, influences significantly the carrier density and 
consequently the thermoelectric properties of these oxides. In 
this way, a thermoelectric power of 1 60 |iV/K can be reached 
in lead misfits [PbSr2- J cCa Jt 03][Co02]ti/62- The physics of 
these materials is so far not perfectly elucidated. The origin 
of metallic conductivity stems to the mixed valence, engen- 
dered by the Co 3+ and Co 4+ species, which exhibit a low spin 
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C0Q2 




C0O2 



Fig. 5. Structure of the misfit cobaltite [Bi1.7Sr2O4HCoO2h.82 built up of 
"C0O2", layers and rock salt type "Bi^S^Cy* layers. 

configuration. It results in a splitting of the t2 g states into e' g 
and ai g , leading to a broad e' g band, which is necessary for 
the appearance of metallicity. On the other hand the magnetic 
interactions are attenuated by the magnetic frustration which 
results from the triangular geometry of the "C0O2" layers. 
Finally, the weaker thermal conductivity could be due to the 
disordering of cations and anions in the rock salt layers, which 
would then behave as phonon glass. Thus it appears that the 
bidimensionnal character of theses oxides and their mixed 
valence, play a very crucial role in their remarkable thermo- 
electric properties. In this respect these oxides show a great 
similarity with high T c superconducting cuprates which also 
require a bidimensionality of the structure and the mixed va- 
lence Cu 2+ /Cu 3+ . The route is thus opened to the optimization 
of these materials by modifying the chemical composition of 
their rock salt layers, but also by texturing the correspond- 
ing ceramics in order to use advantageously their anisotropy. 
Demonstrators based on Peltier effect, using these materi- 
als in modules where p and n conductors are assembled, are 
actually working in different laboratories. 

The third family deals with the manganites of generic 
formulation Lni-jcAjMnC^ 19-21 where Ln 3+ is a lanthanide 
cation and A 2+ is an alkaline earth. These oxides are the object 
of a considerable number of studies, due to the spectacular 
variation of their resistance, when submitted to a magnetic 
field. For instance, by tuning carefully the composition, i.e. 
the average size of the A-site cations, the resistance can be 
decreased by several orders of magnitude by applying a mag- 
netic field as illustrated for the oxide Pro.7Cao.26Sro.o4Mn03 
(Fig. 6). For this reason, these oxides are known as CMR 
effect (colossal magnetoresistance). The great sensitivity of 
the resistance of these materials to the magnetic field, of- 
fers a great potential for magnetic recording and as magnetic 
sensors and actuators. Differently from the two above fami- 
lies, these manganites have a tridimensionnal structure. They 
exhibit the classical perovskite structure, built up of comer- 
sharing Mn06 octahedra, but whose distortions play a ma- 
jor role in the magnetic and transport properties, especially 
via Jahn Teller distortion of the Mn 3+ species. In fact, like 
cuprates and cobaltites, the CMR manganites exhibit a mixed 
valence Mn 3+ /Mn 4+ . The latter is at the origin of the dou- 
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Fig. 6. Evolution of the resistivity versus magnetic field for the perovskite 
Pro.7Cao.26Sro.o4Mn0 3 , (a) in zero magnetic field (b) under H= 5 T. 

ble exchange (DE) mechanism between the Mn 3+ and Mn 4+ 
species 22 and is consequently responsible for the appearance 
of ferromagnetism and metallic conductivity often observed 
simultaneously at low temperature. The transition from an 
insulating state (paramagnetic or antiferromagnetic) to a fer- 
romagnetic metallic state, by application of a magnetic field 
is thus the key of the CMR effect in these oxides. In fact, this 
phenomenon is often related to the existence of charge and 
orbital ordering between the Mn 3+ and Mn 4+ species. Such 
a behavior is exemplified by the perovskite Pro.5Cao.sMn03 
which exhibits at low temperature an ordering of the Mn 3+ 
and Mn 4+ species and of the e g orbitals in the form of stripes as 
schematized on Fig. 7. In this antiferromagnetic CE-type in- 
sulator the "Mn 3+ " octahedra are strongly elongated, whereas 
the Mn 4+ octahedra are much more symmetric. By applying 
a magnetic field larger than 25 T to this structure, a more 
symmetric structure is obtained, which is characterized by a 
charge derealization, over the Mn-O-Mn lattice. In other 
words the application of a magnetic field induces a structural 
transition and simultaneously a magnetic transition to a mag- 
netic metallic state. Starting from this observation, one can 
predict the important role of doping in the appearance of the 
CMR in these oxides. The substitution of a small amount of 
foreign elements for manganese (a few atoms per cent), such 
as Cr 3 " 1 ", Co 2+ , Ni 2+ , Ru 4+ destabilizes the orbital and charge 
ordering, making locally the structure more symmetric, even 
in the absence of magnetic field. In zero field, ferromagnetic 
islands with a symmetry higher than that of the antiferromag- 
netic matrix are generated coherently with the matrix around 
the impurities. By applying a magnetic field, these small do- 
mains tend to extend and the material becomes metallic when 
the domains percolate. This doping allows by structural ef- 
fect, coupled with the magnetic effect of doping cations to 
lower considerably the critical magnetic field so that only a 
few teslas are necessary to obtain a magnetoresistance effect, 
against 25 T for the pristine phase Pro.sCan.sMnC^. Similar 
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Fig. 7. Schematized structure of the antiferromagnetic insulating perovskite 
Pro.sCao.sMnOs, built up of octahedral "Mn 3+ " stripes alternating with 
*'Mn 4+ " stripes. 

effects can be obtained by doping the A sites with cations 
such as Ba 2+ or Sr 24 " which have larger size than Ca 2+ . The 
latter have clearly a structural role: they generate more sym- 
metric regions within the matrix, which become ferromag- 
netic. Consequently, the CMR manganites evidence a new 
phenomenon, called electronic phase separation which is it- 
self generated by coherent structural phase separation. The 
nucleation of a more symmetric ferromagnetic phase within 
a less symmetric antiferromagnetic phase, and its coherent 
growth, is the key of the mechanism of the CMR effect. It 
is thus easy to understand that the possibilities of optimiza- 
tion of the CMR properties of these materials are still nu- 
merous and are so far not completely explored. However, all 
the applications in the field of magnetic recording require 
to work at room temperature, with magnetic fields as low as 
possible, i.e. smaller than 1/10 T. In these conditions, the per- 
formances that have been reached recently, corresponding to 
magnetoresistance values close to 1 0% at 300 K under 0.5 T, 
appear promising. The interface effects and of grain bound- 
aries, obtained in ceramics and especially in thin films of these 
materials, called tunneling magnetoresistance (TMR) should 
allow to reach the required characteristics for applications. 



In conclusion, these few examples show that the transi- 
tion metal oxides are, due to the physical properties they can 
generate, functional materials for the future. Numerous phys- 
ical properties remain to be discovered and to be explained 
in such strongly correlated electron systems, which have not 
been studied to date, because of their structural and chemical 
complexity. The route is opened to their exploration, which 
should open on applications. 
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